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A B S T R A C T
T h e  b a l lo o n -b o rn e  S u p e rc o n d u c t in g  M ag n e t  I n s t r u m e n t  fo r L igh t Iso­
to p e s  flew for th e  second  t im e  o n  J u ly  24 - 25, 1991 a t  t h e  a l t i tu d e  of 36 k m  
d u r in g  co n d it io n s  of ex t re m e ly  h igh  so lar m o d u la t io n .  T h e  d e te c to r  w as  designed  
to  m e asu re  th e  charge, r ig id ity , a n d  velocity  of cosmic ray s  h e a v ie r  t h a n  h y d ro g en  
w i th in  th e  k ine t ic  ene rgy  ra n g e  100 - 2000 M e V /n u c le o n .  T h e  h e l iu m  s p e c t ru m  
m e a s u r e d  over th is  w ide ene rgy  ran g e  is co n s is ten t  w i th  a n  in te r s te l la r  hel ium  
s p e c t r u m  expressed  as a  p o w e r  law  in  th e  r ig id i ty  w ith  s p e c t r a l  in d e x  o f  -2.68 a n d  
m o d u la t e d  to  a  level g iven b y  th e  so lar  m o d u la t io n  p a r a m e te r  cj) =  1.5 G V .
T h e  2H / 4He r a t io  m easu red  in th e  k ine t ic  en e rg y  ra n g e  100 - 
200 M e V /n u c le o n  a t  1 A .U . is co n s is ten t  w ith  th e  p rev io u s  m e a s u re m e n ts  m ad e  
a t  s im ila r  so lar m o d u la t io n  levels, b u t  th e  u n c e r ta in t ie s  re la te d  to  th e  p ro d u c t io n  
o f sec o n d a ry  d eu te ro n s  by  th e  p r im a ry  cosmic ray  p ro to n s  in  th e  m e d iu m  above 
th e  d e te c to r  m ak e  th e se  re su lts  u p p e r  lim its .  T h e  der ived  co rrec t io n s  for th e  sec­
o n d a r y  fluxes of p ro to n s  a n d  d eu te ro n s  a t  low k inetic  energ ies  a re  c o m p a re d  w ith  
th e  p u b l ish ed  d a ta .  T h is  co m p ar iso n  re su lts  in  th e  conc lus ion  t h a t  th e  k in em atic s  
o f  th e  n u c lea r  in te ra c t io n s  is very  i m p o r t a n t  in d e te rm in in g  a c c u ra te  fluxes of 
s ec o n d a ry  p ro to n s  a n d  d eu te ro n s .
T h e  low k ine t ic  ene rgy  3H e / 4He ra t io  a t  1 A .U . is d e te r m in e d  m ore  ac ­
c u ra te ly  d u e  to  a  sm alle r  c o n t r ib u t io n  from  seco n d ary  p ro d u c t io n  to  th e  3He flux 
m e a s u r e d  a t  th e  a tm o sp h e r ic  d e p th  of 5 g / c m 2, b u t  th e  en e rg y  d ep e n d en ce  of 
th is  r a t io  d ep e n d s  on  th e  3H e p ro d u c t io n  s p e c t r u m  in em u ls io n  u sed  to  derive  th e  
fluxes o f  seco n d ary  3He in th is  energy  range.
xxiv
T h e  3H e / 4He ra t io  energy  ra n g e  100 - 500 M e V /n u c le o n  is co n s is ten t  
w i th  th e  prev ious m e a s u re m e n ts  a t  s im ila r  levels of  so lar  ac tiv ity .  C o m p a r is o n  
w i th  p rev ious  d a t a  allows us  to  conc lude  t h a t ,  a t  th e se  energ ies ,  t h e  3H e / 4He 
r a t i o  is n o t  sensitive to  th e  level of th e  so lar  m o d u la t io n  in  a g r e e m e n t  w i th  th e  
p re d ic t io n s  from  th e  cosmic ra y  p ro p a g a t io n  m odels .  M o reo v er ,  th e s e  m e a s u r e ­
m e n ts  d e m o n s t r a te  t h a t  th e  p ro p a g a t io n  of th e  h e l iu m  cosm ic r a y  c o m p o n e n t  
t h ro u g h  th e  in te rs te l la r  m e d iu m  is th e  s am e  as th e  p ro p a g a t io n  h i s to ry  of th e  
m e d iu m  e lem en ts ,  ca rb o n ,  n i t ro g en ,  a n d  oxygen.
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C H A PTER  1
INTRO DUCTIO N  
1.1 Discovery of Cosmic Rays
Cosmic ray  physics or par tic le  astrophysics is one of th e  branches of science 
which a t t e m p ts  to  answ er questions concerning the  Galaxy, nam ely  its origin, s t ru c ­
tu re ,  and  th e  com position. This  b ranch  of physics deals w ith fully ionized atom s 
which o r ig ina te  a t sources far away from th e  solar system  and  trave l a t  velocities 
close to  th e  speed of light th ro u g h  th e  in ters te llar  and in terga lactic  space. Cosmic 
rays  are th e  only available sam ple of m a t te r  which provides in fo rm ation  ab o u t  the  
s t ru c tu re  an d  th e  com position of th e  G alaxy outside the  solar system.
O ne of the  im p o r ta n t  astrophysical problems is th e  comparison of th e  
com posit ion  of th e  solar system  with  th a t  of the  o ther stellar system s to  establish , 
w h e th e r  they  are really similar or no t.  T h e  com position of cosmic rays can give th e  
answ er w hen com bined w ith  th e  inform ation  obta ined  using o ther  m eans like the  
o bserva tion  of e lec trom agnetic  rad ia tion .
T h e  field of cosmic ra y  physics orig inated at the  tu rn  of th is  cen tu ry  when 
it  was discovered th a t  electroscopes discharged at the  sea level, even when they  
were iso la ted  from sources of n a tu ra l  radioactivity . A t this t im e, it was discovered 
t h a t  th e  level of th e  ionization  was not decreasing with  a l t i tu d e  above sea level 
as expected .  F irs t  evidence of ex tra te rre s tr ia l  origin of th e  unknow n rad ia t ion  was 
p rov ided  by Hess and  K ohlhorster  in 1912 - 1914, when they  flew in m an n ed  balloons 
a t  high a l t i tu d es  (Sekido 1985).
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For several tens  of years early this century , cosmic rays  were th e  only 
source of in fo rm ation  abou t th e  smallest cons t i tuen ts  of m a t te r ,  which  were p ro ­
duced  in th e  collisions betw een  nuclei or as the  result of decays of o th e r  partic les .  
T h e  posi tron  was discovered by A nderson in 1932 in a g round  based  cloud ch a m ­
b er  loca ted  inside a m agnetic  field of 16 kG (A nderson  1932) as th e  p ro d u c t  of 
th e  reac t ion  induced  by a cosmic ray  nucleus. In 1937 N ed derm eyer  and  A n d e r­
son (N edderm eyer  and  A nderson  1937), using a similar tech n iq u e  a t  an a l t i tu d e  of 
4,300 m above sea-level, discovered a (i meson produced  du ring  th e  collision of a 
cosmic ray partic le  w ith  an air nucleus. Since then ,  cosmic ray  research  has been 
p roliferating  (Longair 1992, Hillas 1972) and it still serves as a im p o r ta n t  tool to  
learn  m ore ab o u t  th e  com position  of the  G alaxy and its s tru c tu re .
In the  early  years of cosmic rays physics, th e  only in fo rm atio n  o b ta in ed  
from  de tec ted  cosmic ray  particles was their  charge and kinetic  energy. In  m ost 
cases, nuclear emulsions were used as the detec ting  m edium . T h e  ba l loon-borne 
cloud cham ber and nuclear em ulsion detec tor was used in th e  d iscovery of nuclei 
heavier th a n  hydrogen  in the  cosmic rays (Freier ct al. 1948).
D uring  p as t  20 years, due to the developm ent of solid s ta te  de tec to rs  and  
light superconducting  m agnets ,  inform ation abou t th e  m ass of de tec ted  cosmic ray 
partic les  has been unfolded. T he  solid s ta te  detec tors are m ostly  used  in  sa tellite  
expe rim en ts  (Sim pson 1983) while the  detectors  built a round  superco n d u c tin g  m ag ­
nets ,  due to  their  weight, are launched by balloons (Sm oot et al. 1973, T om asch  et 
al. 1990, Golden et al. 1991).
1 .2  S c ie n t i f ic  O b j e c t i v e s  o f  t h e  S M I L I  E x p e r i m e n t
T h e  SMILI (S uperconducting  M agnet In s t ru m e n t  for Light Iso topes) ex­
p e r im en t  was designed to  m easure  the  isotopic com position of cosmic rays w ith  th e
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charge betw een  1 and  10 and  kinetic energy in th e  range 100 - 2 0 0 0  M eV /n u c leo n  
a t  an a l t i tu d e  of >  36 km. T h e  goal of this expe rim en t was to  o b ta in  new isotopic 
d a t a  in th e  in te rm ed ia te  energy region ju s t  above a b u n d a n t  sa tellite  m easu rem en ts  
(M ew ald t  1989) and  below previous balloon results a t higher energies.
T h e  results  of th is  expe rim en t were expected  to  answ er several o u ts tan d in g  
questions:
- w h e th e r  th e  confinem ent and  p ropagation  of th e  hydrogen  and  helium  nuclei is
different from th e  C, N, 0  species in the  energy range u n d e r  s tudy ,
- how m uch  th e  solar m o d u la t io n  affects the  cosmic ray  energy sp ec tra  and  its
energy (rigidity) dependence (Evenson et al. 1983),
- w he the r  th e  isotopic ratios for light nuclei agree with cu r ren t  cosmic ray  t ra n sp o r t
models (G arc ia -M unoz et al. 1987),
- w h e th e r  th e  confinem ent lifetime of the cosmic rays as m easu red  by  th e  ab u n d a n ce
of 10Be agrees w ith  previous results (Simpson and G arc ia  M unoz 1988),
- w h e th e r  th e  cosmic ray source abu n d an ce  ratios of ' ‘’C / ' - ’C is th e  sam e as in
th e  solar system  or differs, as ind icated  by optical observations of th e  local 
in te rs te l la r  m ed ium , the  galactic center,  and the  galactic  plane,
- w h e th e r  th e  ra tio  UN / 1G0  in the  cosmic ray sources is sm aller th a n  its  value in
th e  Solar System , or th e  local in te rs te lla r  m edium  as in d ica ted  by previous 
experim en ts  (M ew ald t 1989),
- w h e th e r  a re -acceleration  process (Silberberg et al. 1983) of cosmic rays by  weak
supernova  shocks is significant in the  in te rm ed ia te  energy range.
Here, I will discuss the  isotopic com position of the  low energy hydrogen  and  
helium  as d e tec ted  during  conditions of ex trem e solar activity . I will em phasize  th e  
co n tr ib u tio n  of secondary  p roduc tion  in the  residual m a t te r  above th e  in s t ru m en t
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to  th e  de tec ted  low energy flux of hydrogen , and  will inves t iga te  th e  effects re la ted  
to  th e  solar m o d u la t io n  of cosmic ray  hydrogen  and  helium  isotopes.
T h e  am o u n t  of m a t t e r  traversed  by th e  cosmic rays in th e  G alaxy  can 
be  inferred by ca lcu la ting  th e  ab u n d an ce  ra tio  of th e  secondary  to  p r im ary  cosmic 
rays at 1 A .U., assum ing  th e  absence of the  secondary  isotopes in  th e  cosmic ray  
sources and  using th e  t ran sp o r t  equa tion  (Sim pson 1983, K roeger 1986, B e a t ty  1986, 
G arcia-M unoz et al. 1987) for each species. This  ap p ro ach  requires knowledge of 
p a r t ia l  cross sections for the nuclear processes in which th e  secondary  cosmic rays 
are produced  during  collisions of p r im ary  cosmic rays w ith  th e  in te rs te l la r  m a t te r .  
T h e  to ta l  reaction  (inelastic) cross sections describe th e  effect of th e  a t te n u a t io n  of 
p r im ary  and  secondary fluxes due to the  spallation reactions. B o th  to ta l  and  p ar tia l  
cross sections are expressed in term s of exc ita tion  functions which d epend  on th e  
k inetic energy of the  incident particle . T he  m odel of th e  p ro p ag a t io n  of cosmic rays 
includes also the  effect of par tic le  escape from th e  confinem ent region.
T he  p ropagation  of cosmic rays th rough  the  heliosphere is affected by the  
in tens ity  of th e  Solar W ind  - th e  hot p lasm a outflowing from th e  solar corona and  
dragging th e  frozen-in m agnetic  field th rough  in te rp lan e ta ry  space. T h e  vary ing  
solar activ ity , defined by the  re la tive sun-spot n u m b er  (Foukal 1990) an d  th e  ob ­
served solar flares (Longair 1992), influences th e  in ten s i ty  of th e  galac tic  cosmic 
rays de tec ted  at 1 A.U. which are being sca tte red  by th e  small-scale irregularities  
in th e  in te rp lan e ta ry  m agnetic  field (Longair 1992).
D euterons and  3He, detec ted  in cosmic rays a t  th e  E a r th  are p ro duced  
only in th e  spalla tion  of heavier nuclei, since they  are a lm ost com pletely  consum ed 
inside s ta rs  (Lang 1974, Foukal 1990) in th e  p - p chain  of hydrogen  burning:
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‘H +  l E  2H +  e+ +  i/c +  1.442 MeV -  0.263 MeV 
2H +  ‘ H —> 3H e +  7  +  5.493 MeV 
3He +  3He -» 'H e  +  2 1 H +  12.859 MeV 
3He +  '’He —> 'B e  +  7  +  1.586 MeV 
3H e +  ‘H —> ‘‘H e +  e+ +  !/«. +  19.795 MeV 
T h e  positive energy includes th e  ann ih ila tion  of th e  positron  when i t  is a reaction 
p ro d u c t ,  while th e  negative energy release denotes  th e  average n eu tr in o  energy loss. 
T h e  a  partic les  are produced  ab u n d a n tly  in the  p - p chain. It should be n o ted  th a t  
they  are also consum ed in a  cap tu re  during  the helium burn ing  process in a  la te r  
s tage of s te llar evolution.
D uring  a supernovae event,  the m a t te r  of which the  s ta r  is com posed  at 
th is  s tage  is e jected  o u tw ard s ,  by the  shock wave p roduced  by th e  collapsing core. It  
is believed th a t  such events are the  m ain suppliers of cosmic rays as those  de tec ted  
at th e  E a r th .
M ost of th e  m easu rem en ts  of the  deuteron  and  3He fluxes, as well as th e  
2H / 'H e  and  ‘H e / 'H e  ratios, in cosmic rays come from sate ll i te-borne detec to rs .  
T h e  m easu rem en ts  of bo th  ra tios by these detec tors at different levels of th e  solar 
m o d u la t io n  are given by Fan  et al. (1966), M eyer et al. (1968), Hsieh an d  S im p­
son (1969), Hsieh and  Simpson (1970), B aity  el al. (1971), Hsieh et al. (1971), 
T eegarden  et al. (1975), G arcia-M unoz et al. (1975), M ew ald t et al. (1976), W ebber  
and  Y ushak  (1983), M ew ald t (1986), B ea t ty  et al. (1985), Kroeger (1986). All these  
in s t ru m en ts  used th e  A E  — E techn ique  for the  identification of charged  partic les  and  
requ ired  th e  partic le  to  s top in th e  detec tor.  This  req u irem en t,  and  th e  constra in ts  
re la ted  to  th e  weight th e  satelli te  can carry, limits the  energy of th e  partic les  which 
can be  s tud ied  to  a t  th e  m ost 150 M eV /nuc leon  (K roeger 1986).
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T h e  few bal loon-borne ex p e r im en ts  which m easu red  d eu te ro n  flux and  th e  
2H / ‘1He ra tio  (B ad h w ar  et al. 1967, B ad h w ar  et al. 1969, Leech an d  O ’G allagher 
1978, W eb b er  and  Yushak  1983, W ebber  et al. 1991) were capable  of de tec t ing  
partic les  a t  h igher energies, b u t  th e  deu teron  fluxes m easu red  by these  in s t ru m en ts  
requ ired  large corrections in order to  o b ta in  th e  fluxes a t th e  top  of th e  a tm osphere .  
T hese  corrections, which increase  with  decreasing d eu te ro n  kinetic  energy (P ap in i  
et al. 1993b), are due to  th e  secondary  deu teron  p ro d u c tio n  in th e  residual m a t t e r  
above th e  de tec to r.  T h e  ’H e / 'H e  ra tio  m easured  by th e  ba l loon-borne de tec to rs  
(B ad h w ar  et al. 1967, Leech and O ’G allagher 1978, W eb b er  and  Y ushak  1983, 
Jo rd a n  1985, W ebber  et al. 1991, B ea t ty  et al. 1993) can be d e te rm in ed  very  
accura te ly  due to  only a small co n tr ib u tio n  from the  a tm ospheric  corrections to  th e  
de tec ted  3He and  'H e  fluxes.
1.3 Technological O bjectives of the SMILI Experim ent
T h e  m ain  technological goal of th e  SMILI p ro jec t  was to  achieve an iso­
topic  resolution of 0.1 - 0.3 am u for cosmic rays up to  neon over th e  energy range  100 
- 2000 M eV /nuc leon . This  task  had to  be accom plished using a su perconduc ting  
m ag n e tic  sp ec tro m e te r  to g e th e r  with an advanced  hodoscope w ith  th e  reso lu tion  
of th e  order of 150 f im  as well w ith  subnanosecond  reso lu tion  T im e-of-Flight sys­
tem . T h e  only m agnetic  sp ec tro m e te r  capable to  resolve isotopes of th e  nuclei of 
in te re s t  over th is  energy range  was the  U niversity  of California , Berkeley de tec to r  
(Sm oot et al. 1973) which perished due to an acc iden ta l  balloon b u rs t  du ring  its 
1977 flight (Buffington et al. 1978). T h e  o ther  m agne tic  sp ec tro m e te r  o p e ra ted  by 
th e  N A S A /N ew  Mexico S ta te  U niversity  B alloon-B orne M agne t  Facility  has  been 
m ain ly  used to  observe a n t ip ro to n s ,  electrons, pos itrons ,  isotopes of hydrogen  and
helium  (G olden  et al. 1991). T he  innovation in th e  SM ILI in s t ru m e n t  was th e  a p ­
plica tion  of th e  drift tu b e  cham bers  composed of 512, up  to  100 cm long, th in-w all 
drif t  tu b es  as th e  hodoscope.
T h e  SM ILI p ro jec t  was a collaborative effort which evolved from  th e  p re ­
vious P B A R  ex p er im en t (T om asch  et al. 1990). T h e  SM ILI co llaboration  included 
U n ivers ity  of M ichigan, B oston  University, In d ian a  University , Louis iana S ta te  U ni­
versity , and  in th e  la te r  s tage  of the  pro jec t W ash ing ton  U nivers ity  in St. Louis, 
M issouri. B oston  U niversity  owned the  superconduc ting  m ag n e t ,  its su p p o r t  s t ru c ­
tu re ,  and  th e  P B A R  gondola shell. T he  SMILI drift tu b e  (D T ) cham bers  were 
designed and  built  by B oston  University. T he  U niversity  of M ichigan provided th e  
g ro u n d  s ta t io n  h ard w are  and software to m onito r th e  in s t ru m e n t  perfo rm ance  and  
to  collect th e  d a ta ,  and  built  th e  m idsection for th e  gondola shell which was neces­
sary  due to  th e  larger size of th e  SMILI in s t ru m en t  com pared  to  th e  P B A R  detec to r.  
In d ia n a  Univers ity  developed two w ater Cerenkov de tec to rs .  Louisiana S ta te  U ni­
versity  designed and  built  th e  T O F  system  and th e  S3 in te rac t io n  de tec to r .  E ach  
in s t i tu t io n  provided  m an p o w er  for the  full in tegra tion  of the  SMILI in s t ru m e n t  and  
its  com plete  d isassem bly af te r  its second flight. D a ta  analysis tasks  were d is t r ib u ted  
am ong  all p a r tic ip a tin g  in s t i tu t io n s .
T h e  SM ILI in s t ru m e n t  was flown twice. T h e  first launch  took place from 
P r in ce  A lb e r t ,  Sasketchew an, C an ad a  on A ugust 31, 1989. T h e  in s t ru m en t  rem ained  
a t  float for app rox im a te ly  19 hours and its d a ta  tak in g  ’’live t im e ” was 16 hours.
For th e  second flight, the  SMILI de tec to r  was launched  from L ynn Lake, 
M an i to b a ,  C a n a d a  on Ju ly  24, 1991. This  tim e, th e  in s t ru m e n t  rem ained  a t  float 
for a lm ost 21 hours.  T he  ’’live t im e ” of the  in s t ru m en t  during  its second flight was 
reduced  to  only 16 hours and  20 m inu tes  due to  a sudden  decrease of th e  vo ltage
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on one of th e  high voltage pow er supplies a lm ost 3 hours  af te r  th e  SM ILI de tec to r  
was tu n ed .
This  d isserta tion  p resen ts  th e  work done to  d e te rm in e  th e  abso lu te  fluxes of 
low energy p ro to n s ,  deu terons and  alpha partic le  and  th e  2H / 4He and  3H e / 4H e ra tios 
a t  low energies as well the  abso lu te  helium  flux over th e  wide energy ran g e  during  
th e  ex trem ely  high level of a solar m odu la t ion  w hen th e  SM ILI in s t ru m e n t  was flown 
for th e  second time. C h ap te r  2 provides the descrip tion of th e  in s t ru m e n t  and  its 
com ponen ts  including the  form at of da ta  as it was sent th ro u g h  th e  dow nlink, while 
C h a p te r  3 is devoted  to  the  preflight D T  survey, ca lib ra tions ,  and  d e te rm in a tio n  of 
th e  in s t ru m en t  th reshold . C h ap te r  4 addresses the  in s t ru m e n t  perfo rm ance  during  
th e  flight. C h ap te r  5 deals w ith  the  reduction of th e  raw  d a ta ,  th e  in itia l  processing 
s tage, and  p resen ts  th e  results  of the  d a ta  analysis from th e  t rack ing  and  T O F  
system s. Detailed  d a ta  analysis and the in s t ru m en t  resolution are d iscussed in 
C h ap te r  6 and C h ap te r  7 addresses the de tec to r  efficiency and  p resen ts  th e  final 
results.
C H A PTER  2
THE SMILI IN STR U M EN T
T h e  design of th e  SMILI de tec to r  was based on th e  experience gained from 
th e  P B A R  d e tec to r  (T om asch  et al. 1990) which flew in sum m er 1986 to  m easure  the  
flux of cosmic ray an tip ro to n s  at the  top  of the  a tm osphere . In b o th  cases, th e  core 
of th e  d e tec to r  was th e  sam e superconducting  m agne t  m ade  by Cryom agnetics  Inc. 
All o th e r  com ponen ts  were replaced to  satisfy the  larger dynam ic  range required 
in  th e  SM ILI ex pe rim en t.  This  ch ap te r  gives an overview of all com ponents  of 
th e  SM ILI in s t ru m e n t  including th e  form at of d a ta  sent from th e  de tec to r  to  th e  
g round  s ta t io n s  du ring  th e  flight. Figs. 2.1 and  2.2 show th e  cross section of the  
SMILI in s t ru m e n t  b o th  in  th e  bending  plane which is norm al to  th e  direction of the  
m ag n e tic  field, and  in  th e  non-bending  plane.
2.1 Superconducting M agnet
T h e  reso lu tion  of a mass spec trom ete r ,  such as th e  SM ILI in s t ru m en t ,  is 
de te rm ined  by  th e  accuracy  of th e  m easured  deflection of th e  charged  partic le  in 
a m ag n e tic  field. T h e  b end ing  angle (i.e. th e  angle betw een th e  incoming and 
outgo ing  t ra je c to ry )  can be defined as (Fernov 1986)
^  (2 , )
where
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Figure 2.1: View of th e  SM ILI in s tru m en t in the  bending  plane (looking along the  
d irection of th e  m agnetic  field). Electronics and  support  s tru c tu re s  are not shown.
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Figure 2.2: View of the  SMILI in s tru m en t in th e  non-bend ing  plane. Electronics 
and  su p p o r t  s t ru c tu re s  are no t shown.
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F i g u r e  2.3: Schem atic  overview of th e  P B A R  and  SMILI superconducting  m agnet ,  
i ts dew ar, and  cryogenic system . T h e  ac tua l  d irection of th e  m agne tic  field was 
opposite  to  th a t  which is shown.
dl - an infinitesimal partic le  p a th len g th  in meters,
R  =  =  0 .3p |B | - th e  par tic le  rigidity in GV,
p - th e  m o m e n tu m  of a par tic le  carrying charge Z,
p - th e  in s tan tan eo u s  rad ius  of the  partic le  t ra je c to ry  cu rv a tu re  in  m eters,  
c - th e  speed of light.
Eq. 2.1 is valid u n d e r  th e  assum ption  th a t  th e  partic le  m o m en tu m  is con­
s ta n t  w hen i t  travels  th ro u g h  th e  m agnetic  field, which is no t exactly  correct for 
slow m oving partic les which lose the ir  energy at a higher ra te  th a n  fast partic les.
T h e  design and  th e  opera tion  of th e  P B A R  and  SM ILI superconducting  
m ag n e t  is described in detail  elsewhere (Tom asch 1988). Fig. 2.3 shows th e  overview 
of th e  m ag n e t ,  its dew ar, and  cryogenic system . I p resent here a  short  su m m ary
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of i ts  features .  T h e  m agne t  consisted of two coils m ad e  of n io b iu m -ti tan iu m  su p er­
conduc ting  alloy s t ran d s  em bedded  in a copper m a tr ix  and  housed in an a lum in ium  
dew ar. T h e  dew ar was in su la ted  w ith  tw o layers of m ulti-layer in su la to r  m ad e  of alu- 
m inized m y lar  d iv ided by th e  rad ia tion  shield. Before th e  cool-down of th e  m agne t ,  
th is  vacuum  jack e t  had  to  be evacuated  down to 10- ° Torr.
T h e  m agne t  dew ar was cooled in two stages. F irs t ,  liquid n itrogen  cooled 
th e  dew ar to  th e  te m p e ra tu re  of 77 K. It  was necessary to  keep the  dew ar a t th is 
t e m p e r a tu re  for a t  least 24 hours ,  in order for all its pa r ts  to  achieve th e rm a l  equi­
l ib rium . A fte rw ards ,  the  n itrogen  had  to  be removed completely from  th e  dew ar by 
p rovid ing  th e  required  overpressure by gaseous helium which was forcing th e  n i t ro ­
gen ou t.  After it was assured th a t  there  were no nitrogen residues inside th e  dewar, 
th e  liquid helium  (LHe) transfer  s ta r ted .  T he  LHe cooled the  dew ar down to  4.2 K.
T h e  m ag n e t  coils were charged from a custom  m ade power supply. T he  
small piece of coil betw een tw o leads ( the  pers is ten t switch) could be m ade  n on­
superconduc ting  by w arm ing  it up with  a small hea te r .  W h en  th e  pers is ten t switch 
is opened  (non-superconduc ting) the  m agnet can be slowly ra m p e d  up or down. 
T h e  pers is ten t  switch could be  opened rem otely  by a radio com m and  to deactivate  
th e  m ag n e t  a t th e  t im e of the  flight te rm ination .  During the  m agne t  charging stage, 
th e  cu rren t  leads were cooled by the  boiloff helium escaping th ro u g h  th e  leads which 
were hollow in th e  center. T h e  m agnet opera ted  as long as th e  boiloff flow ra tes  from 
th e  cu r ren t  leads and  th e  opening in the  the  fill stack port ,  m onito red  by high ra te  
flowmeters, rem ained  cons tan t .  T he  boiloff helium was released ou ts ide  th e  gondola 
du ring  th e  flight th ro u g h  a gas-tigh t fitting. T h e  stored m agnetic  field energy was 
d iss ipa ted  th ro u g h  th e  energy absorber,  m o u n ted  to  the  m agne t  support ing  beam s, 
over a one h our  t im e period a t  the  end of the  flight or the  m agne t  tes t.
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Table 2.1: T he  features of the  SM ILI m agnet .
R a ted  cen tra l  field 1.5 T
Field in tegra l 0.58 T -m
R a ted  cu rren t 81.95 A
Coil in d u c tan ce 122.5 H
Homogeneity ± 3 0 %  over 20 x  20 x  20cm 3 cube
F ie ld /C u r re n t  ra tio 18.310-3 T / A
O u te r  coil radius 22.790 cm
Inner coil radius 18.682 cm
Coil separa tion  (be tw een centroids) 46.72 cm
Stored energy 3.3 • 105 J
Liquid helium capacity 290 liters
T ypical LHe boiloff ra te 1.5 l i te r /h o u r
M ax. t im e betw een refills 130 hours
Bore d iam eter 29.0 cm
M agnet bore accep tance 250.0 cm 2sr
W eight (em pty ) 825 lbs
T h e  o ther  im p o r ta n t  features of the  m ag n e t  and dew ar are sum m arized  in 
Table  2.1 an d  include:
- p ro tec t ion  against  an im p ac t  of up to  10 g,
- full p ro tec t ion  against  th e  accidenta l  quench,
- rem ote  control allowing discharge of th e  m agne t  during  th e  flight,
- safety features  allowing m ag n e t  opera tion  with  its vertical axis t i l ted  up to  60°.
T h e  origin of th e  SM ILI coord ina te  system  was a t  th e  cen te r  of th e  m agne t  
de term ined  by th e  in tersec tion  of the  line connecting th e  cen tro ids  of th e  m agne t  
coils (X - axis) and  th e  m ain  axis of th e  m agne t  bore  (Z - axis). T h e  o r ien ta tio n  of 
th e  coord ina te  system  was re la ted  to  the  direction of th e  m agne tic  field w ith  th e  X
- axis along th e  m agnetic  field lines and  th e  positive X - axis po in ting  to w ard  th e  
dew ar s tack  while th e  positive Z - axis was poin ting  to  th e  top  of th e  in s t ru m en t .
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2.2 Tracking System
A partic le  t ra je c to ry  th rough  th e  SMILI de tec to r  m u s t  be known to  de ter­
m ine its velocity and  rigidity. This task  was accom plished by  four drift tu b e  (D T ) 
cham bers  (Fig. 2.4). T h e  drift tu b es  and  th e  cham bers ,  which con ta ined  them , 
were designed and  built  a t  Boston  University. Similar, smaller drift tu b es  were al­
ready  used previously in g round  and  balloon-borne experim ents  (Ahlen et al. 1990) 
achieving a resolution of less th an  100  /xm.
T he  SMILI hodoscope consisted of 512 drift tubes  of 2.54 cm  d iam eter  and  
in leng th  ranging from 77 cm  to 98 cm m o u n ted  inside 4 cham bers .  E ach  cham ber 
had  four planes of drift tubes .  Tw o of these planes had  wires runn ing  along the  
d irection of th e  m agnetic  field, while o ther  two planes had  wires in th e  perpend icu lar  
d irection. Tubes were ar ranged  in th e  cham ber in a close-packed configuration i.e. 
tu b es  from two ad jacen t planes w ith  wires po in ting  th e  sam e direction were shifted 
aga inst  each o ther  by 1.27 cm. Four planes with  wires ru n n in g  parallel above or 
below a  m agnet formed a section and th e  SMILI hodoscope consisted of four sections, 
two sections above and  two sections below th e  m agnet.
T h e  drift tu b e  wall was m ade  from 3 spiral layers of m ylar.  T he  innerm ost 
layer was coated  w ith  0.1  /xm of a lum in ium  to serve as th e  ca thode  for electrons 
c reated  by th e  charged partic le  passing th rough  th e  tube .  E ach  layer of m y lar  was 
glued to  th e  nex t layer to  m ake  the  tu b e  wall m ore  rigid. T h e  to ta l  thickness or 
g ram m age  of th e  tu b e  was es t im ated  a t 30 - 40 /xm or 4.5 m g /c m 2. I t  was im p o r tan t  
th a t  th e  tu b e  wall be as th in  as technology allowed, so as to  m inim ize secondary 
partic les created  when a p r im ary  partic le  hits th e  wall. As th e  anode , a gold-plated  
tu n g s ten  wire of 20 /xm d iam ete r  was used. Each wire was a t ta c h e d  to  tw o endplates
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F i g u r e  2.4: View of one of the SMILI D T  cham bers.
of th e  cham ber by m eans of a  precision m ade  ferrule which assured th e  p lacem ent 
accuracy of ab o u t  20 pm .
T h e  drift tu b e  cham bers  were designed to  ob ta in  accu ra te  spatia l  infor­
m ation  which can be derived by m easuring th e  drift t im e of the  electrons from the  
po in t of ionization to  the  anode wire. W hen  a charged partic le  passes th ro u g h  th e  
gas, i t  ionizes gas molecules. If an electric field is applied, electrons drift tow ard  
th e  anode while ions drift tow ard  the  cathode . T he  libera ted  electrons are acceler­
a ted  by  th e  electric field and  gain sufficient energy to  ionize m ore a tom s on their  
way. This  results in an ionization avalanche or cascade near th e  anode  wire. T he  
pulse signal form ed on the  sensing anode wire is induced  by the  m otion  of posi­
tive ions, c reated  in the  ionization avalanche and m oving tow ard  th e  D T  wall close 
to  th e  sensing anode wire, where the electric field is high (Sauli 1987, Leo 1994, 
Knoll 1989). Usually, th e  noble gases are selected as the  fill gas since th ey  require 
th e  lowest field intensities  for the  form ation of an avalanche (Sauli 1987, Leo 1994).
17
T h e  SM ILI drift tubes  o p era ted  in the  high gain, lim ited s tream er  or self-quenched 
s tream er,  m ode (Sauli 1987, Knoll 1989). In th is  m ode, due to  its high excita tion  
energy (argon - 11.6 eV), when operating  a t high gains, th e  noble gas ionized a to m  
dexcites w ith  th e  emission of a UV pho ton  which in tu rn  can ionize th e  ca thode  
and  p roduce  a  spurious avalanche far away from the site where th e  original ion- 
e lectron pair  was created . This  problem can be corrected  by adding  a quencher - 
a gas which absorbs photons and  releases the  acquired  energy th ro u g h  dissociation 
or elastic collision. This way, the  spread of the  spurious avalanches along th e  wire 
is p reven ted  and they  are produced  only in the  im m ed ia te  vicinity of th e  original 
avalanche, forming a s tream er. T he  SMILI drift tubes  were filled w ith  50% of argon 
and  50% of e th an e  (CLHo) as the  quencher. A no ther  problem  arises, w ha t  to  do 
w ith  th e  used quencher ? In SMILI, the  D T  gas was supplied continuously  by  two 
bo tt les  m o u n ted  a t the  b o t to m  of the  in s t ru m en t  and was flowed th ro u g h  serially 
connected drift tubes  in the  following order in term s of D T  planes (Tobias 1993): 
g roup 1 - 5, 6 , 14, 13, 2, 10, 9, 1,
group 2 - 12, 11, 4, 3, 7, 15, 16, 8 ,
and  was ven ted  to  the  gondola interior. T he  D T gas pressure was m a in ta in ed  slightly 
above th e  am bien t pressure to  prevent con tam ina tion  by air. T he  D T  planes w ith  
anode sense wires parallel to  the  direction of th e  m agnetic  field were labelled 1 -
8 s ta r t in g  from D T  cham ber # 1  and  ending w ith  th e  D T  cham ber # 4 .  T h e  D T
planes w ith  anode sense wires norm al to the  direction  of th e  m agnetic  field were 
labelled 9 - 16 s ta r t in g  from D T  cham ber # 1  and  ending w ith  th e  D T  ch am b er  # 4 .
For the  second SMILI flight the  D T system  was refurbished. M ost of the  
work was done to  s tra in  D T wires and  to  replace broken ones.
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2.3 Tim e-of-Flight System , Its Assem bly and Testing
T h e  purpose  of the  Tim e-of-Flight system  was to  d e te rm in e  th e  velocity 
and  the  charge of a par tic le  travelling  betw een two layers of scintilla tor. T h e  velocity 
is de term ined  by m easuring  th e  tim e difference betw een  two light pulses, p roduced  
in  the  S i  and  S2 scintilla tors , by a charged partic le , and  the  d is tance  betw een hit 
positions on these scintilla tors. W hen  a charged partic le  passes th ro u g h  m a t te r ,  it 
in te rac ts  w ith  a tom s of th e  m ed ium , th rough  the  ionization process, which excites 
electrons of this m edium . E xcited  a tom ic electrons can release their  energy by 
em it t ing  photons and re tu rn in g  to a lower energy level (Birks 1964). T h e  size of 
th e  light pulse produced  by a charged partic le  in th e  scintilla tor is re la ted  to  the  
energy loss of th e  partic le  travelling  th rough  the  scintillator. T h e  energy loss can be 
approx im ate ly  expressed as Z2//32 for f3 < 0.94 (Review of Part ic le  P roper ties  1992). 
By knowing the  velocity equal to  /3c) and  the  energy loss of a partic le ,  th e  charge 
of the  partic le  can be established.
T h e  SMILI T O F  system  used seven scintilla tor slabs, m ad e  of 100 cm 
long, 25 cm wide, and 1.905 cm th ick plastic scintilla tor BC408 m ad e  by  Bicron 
(Fig. 2.5) and they  provided sufficient geometrical acceptance for th e  full in s tru m en t.  
Originally, it  was p lanned  to  use th e  faster scin tilla tor BC420 w ith  th e  pulse rise tim e 
of 0.5 ns, and  th e  shorter  a t te n u a t io n  length  of 110 cm, b u t  p ro d u c tio n  problems 
w ith  BC420 forced us to  use slower BC408 with a pulse rise t im e of 0.9 ns and  an 
a t te n u a t io n  leng th  of 210 cm (Bicron Corp. 1987).
T h e  isotropically em it ted  light p ropagates  th rough  th e  scin tilla tor e ither in 
s tra igh t p a th s  or th rough  to ta l  in te rna l reflection a t the  edge of th e  scintilla tor when 
th e  incident angle is g rea ter  th a n  the  critical angle sin#c =  where n s is th e  scin­
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F i g u r e  2.5: View of a single T O F  counter .
and  a t  each end  of th e  scintilla tor this light was collected by a segm ented  light guide 
(Fig. 2.6). T h e  light guide consisted of 4 segm ents m ade  from 1.905 cm  th ick  strips 
of U V T  L ucite  50.8 cm x  6.25 cm. Each segm ent was ind iv idually  shaped  af te r  b e ­
ing hea ted ,  so the  whole light guide would be b en t  65°. T h e  P ho to -M u lt ip l ie r  T ube  
(P M T )  was a t ta c h e d  to the  light guide th rough  th e  conical reducer m ad e  also from 
U V T  Lucite. O ne side of th e  reducer was rec tangu lar  7.62 cm x  6.25 cm. This  side 
faced th e  light guide. T he  o th e r  side had  a circular shape of 4.4 cm in d iam ete r  and  
faced th e  P M T  pho toca thode .  T h e  m axim um  light flux t ra n s m it te d  to  th e  P M T  is 
lim ited  by th e  Liouville theorem  (Fernov 1986) s ta t in g  th a t  th e  light flux p er  solid 
angle canno t  increase while p ropagating  in the  light guide. As the  consequence, the  
m ax im u m  fraction  of th e  light which can be t ran sm it te d  is expressed as th e  ra tio  
of th e  a rea  of P M T  face to  th e  a rea  of th e  scintilla tor edge. E igh t ou t  of th e  to ta l  
s ixteen light guides had  the  alignm ent hole located  in th e  cen ter of th e  light guide 






























































—  5 Dynode 5 
— 14 Dynode6
—  6 Dynode7 
— 13 Dynode8
—  7 Dynode 9 
— 12 Dynode10




I i ~ — r kfl
10 Anode
D11 D12 A
F igu re  2.7: The SMILI voltage divider for TOF PMTs.
22
w hen m o u n tin g  th e  T O F  panel into the  in s t ru m en t  on th e  su p p o r t  beam s which 
were equipped  w ith  th e  alignm ent pins.
T h e  T O F  photo-m ultip liers  were in terfaced w ith  th e  SM ILI in s t ru m en t  
th ro u g h  custom  m ade bases which had  connectors for th e  pulses from  the  P M T  
anode , 11th, and  12th dynode and provided th e  P M T  w ith  th e  high voltage. T he  
high voltage was divided am ong the  P M T  dynodes and  th e  p h o to ca th o d e  according 
to  th e  base schem atic  d iagram  (Fig. 2.7). T h e  base had  two 4 - tu rn  cerm et t r im m ing  
po ts  P I  and  P2 designed to  ad just  the  voltage on th e  focusing grid  betw een  the  
p h o to ca th o d e  and  the  first dynode (P I )  for th e  m ax im u m  tim ing  resolution  and  the  
voltage on th e  second dynode (P2) for the  m ax im u m  gain.
A fter s itting  for a year after the previous flight in th e  in s t ru m en t  in Ann 
A rbor, M ichigan, th e  scintilla tors were removed and  b rough t  to  B a to n  Rouge for 
re fu rb ishm ent in A ugust 1990. Since a post-flight inspection of th e  scintilla tors  in 
F eb rua ry  1990, it was known th a t  m ost of th e  P M T s  did not survive th e  helium  
co n tam in a tio n  (Incandela  1988, Philips Photonics  1993, Burle Industr ies ,  Inc. 1989). 
M echanical stress a t the  t im e of the flight cu tdow n and during  th e  sh ipm ent back 
to  A nn A rbor from th e  land ing  site could b rake jo in ts  betw een different segm ents 
of th e  T O F  system.
D uring  th e  second half of 1990, a new b a tch  of 20 Philips Pho ton ics  X P2020 
P M T s  was thoroughly  tes ted  using a Light E m itt in g  Diode (L E D ) as th e  P M T  
light source. T he  LED  and  P M T  were m o u n ted  app rox im a te ly  12” a p a r t  inside a 
ligh t- tigh t box. An open-ended soft-iron cylindrical shell was m o u n ted  a round  the  
P M T  to provide shielding against  the  geom agnetic  field and  any  R F  in terference 
(M agnetic  Shield Division, Perfection Mica C om pany  1986).
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T h e  split o u tp u t  from  a H P  8082A Pulse G en era to r  triggered  th e  LED 
and  a LeCroy 821 Q uad  D iscr im inator.  T he  o u tp u t  from th e  d iscrim inato r went to  
th e  in p u t  of th e  LeCroy 222 D ual G a te  and Delay G enera to r  which provided  a gate  
signal for th e  A nalog-to-D igita l C onverter  (A D C ). T h e  Pu lse  G en era to r  o u tp u t  was 
unchanged  th ro u g h o u t  th e  ca lib ra tion  test.  T h e  P M T  anode  o u tp u t  was digitized 
by a LeCroy 2249 A D C  and  read  by the  Ferm ilab M U LTI D a ta  Acquisition System  
which transferred  d a ta  from th e  CA M  AC crate  and  p roduced  h is togram s and  s ta t is ­
tics of the  digitized P M T  pulses. For each P M T  ab o u t  10° events were recorded 
for a few different P M T  high voltage settings. T he  P M T  high voltage was provided 
by a LeCroy HV4032A pow er supply  with th e  P M T  p h o to ca th o d e  held a t negative 
voltage and  th e  P M T  anode a t  the  ground level. Two high voltage se ttings , nam ely  
1700V and  1800V, were applied  to  all P M T s.  A dditional d a ta  was tak en  with a 
th ird  high voltage se tt ing  which produced  identical averages in th e  d is tr ibu tion  of 
A DC readou ts  (~ 4 7 0  ADC counts)  for all P M T s.
This test showed t h a t  the new P M T s  had  different charac teris t ics  th an  
those  used in the  1989 flight. T h e  P M T  resolution expressed in term s of th e  ra tio  
of the  ADC s tan d a rd  devia tion  to  the  AD C m ean  value a t a com m on A DC m ean, 
varied from 7% to  1 0%. T h e  high voltage required to  achieve th e  com m on A DC 
m ean  value varied betw een 1700V and  2000V. T he  n u m b er  of photoelec trons (pe 
counts) determ ined  from the  squared  ra tio  of th e  m ean of th e  AD C d is tr ibu tion  to
the standard deviation  of this distribution pe =  (adc) varied from 100
V«ADC-;> —<ADC)J)
to  200 while th e  n u m b er  of photoelec trons for SMILI 1 P M T s  varied betw een 200 
and  650.
T h e  P M T  gain, which is equal to  the  ra tio  of th e  anode cu rren t  to  th e  
photoelec tr ic  signal cu r ren t  from the  p h o to ca th o d e  (Burle  Industr ies ,  Inc. 1989),
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for th e  pu rpose  of th is  te s t ,  was es t im ated  (Eq. 2.2) as the  ra tio  of th e  o u tp u t  charge, 
as given by th e  A D C, to  the  pho to ca th o d e  charge calculated  from th e  n u m b er  of 
pho toelec trons assum ing th e  sam e du ra tion  for the  p h o to ca th o d e  pulse and  th e  
anode pulse.
0.25 ■ 10_ 12(ADC) , x
G ain  =  ----------------- -̂-------- (2 .2 )
1.6 ■ 10_19pe  ̂ 1
0.25 • 10-12 corresponds to  th e  resolution of the  2249 A DC set a t 25 p C /c o u n t  and
1.6 • 10~ 19 C is the  electron charge. T he  gain, as defined by Eq. 2.2, varied am ong
th e  tes ted  P M T s  from 3.5 • 10(> up to 7.6 • 10fi.
A t the  sam e tim e , all scintillators were inspected. Since all of th em  had  
been w rap p ed , it was hard  to  tell anyth ing  ab o u t  the  jo in ts .  All scin tilla tors  had  to  
be  u n w rap p ed  and  all jo in ts  were visually inspected. As a resu lt  of th is  inspection, 
i t  was obvious th a t  m ost of th e  jo in ts  between scintilla tor slabs and  light guides, as 
well as some jo in ts  betw een th e  light guides and the  reducers had  to  be  broken and 
glued once again. F irs t ,  the  old P M T s were de tached  from the  reducers by cooling a 
jo in t  betw een a P M T  and  th e  conical reducer with  liquid n itrogen  for a few m inu tes  
and  apply ing  a  constan t  stress on the  P M T . During this process, th e  reducer was 
covered w ith  a few sheets of p ap e r  to  prevent crazing and  cracking caused by th e  
te m p e ra tu re  grad ien t.  In m ost cases, the  P M T s  were successfully rem oved w ithou t  
breaking  them .
In th e  nex t  step , all jo in ts  between light guides and  th e  sc in tilla tor slabs 
were broken  using a co n s tan t  stress on the  light guide. In four cases, th e  conical 
reducer h ad  to  be sepa ra ted  from the  light guide, because of a bad  jo in t ,  by  apply ing  
constan t  stress on b o th  reducer and the  light guide. T he  surfaces of all jo in ts  were 
cleaned of residues of glue and  polished, so they  were flat and  free of crazing and
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any  scratches. This  was done by polishing m anually  each surface w ith  wet sand  
p ap e r  called micro-mesh m ad e  by Micro Surface F inishing P ro d u c ts  Inc. T h e  p ap e r  
g rade  was gradually  increased up to grade 1 2 0 0 0 .
T h e  light guides were glued to  th e  scin tilla tor panels  w ith  th e  clear 
p o ly u re th an e  adhesive H E 17017 m ade by H arte l P lastics. T he  adhesive was p re ­
pared  according to  th e  in s truc tion  provided by the  m an u fac tu re r  and  was sp read  on 
th e  side surface of th e  scin tilla tor slab by a 10 cm 3 syringe. Im m edia te ly  after, th e  
light guide was p u t  on top of the  side surface of the  vertically m o u n ted  scin tilla tor 
slab. This  operation  had to be performed very carefully, to  p reven t  fo rm ation  of 
air bubbles  in the  glue. T he  same glue was used to join  th e  conical reducers w ith  
th e  light guides. Red  LEDs were glued between two inner segm ents of th e  light 
guides, nex t  to  the reducers, for fu ture  photoelectron studies using g round  level 
m uons. After all jo in ts  were glued, they were eva lua ted  for their  quality , and  each 
sc in tilla tor panel was graded before gluing P M T s to the  conical reducers. This  eval­
ua t ion  was done to  decide which T O F  panel would be located  in S i  and  S2 in the  
flight configuration. T he  T O F  panels with the  best jo in ts  and  P M T s  showing the  
best  re la tive perform ance would be positioned in th e  center,  ju s t  above or below 
th e  m agne t ,  while th e  rest would be located on the outside.
N ext,  all scintilla tors, light guides and p ar t  of the  reducers were w rapped . 
T h e  first layer of the  w rap  was the  commercially available a lum in ium  foil. On top  of 
th e  a lum in ium  foil went th e  E M I/S ta t ic  Shield, a Kevlar based p ap e r  by Bell F ib re  
P ro d u c ts  Corp. Both  inner layers were tightly  w rapped  with  S co tchrap ,  0.0254 cm 
th ick  $ 5 0  P ro tec t ion  T ape to  prevent any light leaks and to  m ake  th e  whole slab 
shock res is tan t.  Before gluing P M T s to the light guides, they  were were coupled, 
in  such a way th a t  a  b e t te r  P M T  went to the side where th e  light guide h ad  an
alignm ent hole. T h e  P M T s  were glued to  the  surface of th e  conical reducers w ith  
th e  sam e clear po ly u re th an e  adhesive H E 17017 used to  glue o ther  jo in ts .  T he  
o r ien ta tion  of P M T s  was no t arb itra ry . T hey  had  to  be glued in such a  way th a t  
H V  connectors  sticking ou t of th e  P M T  bases were po in ting  across th e  scintilla tor 
slab, in order to p revent con tac t  betw een the  gondola shell and  H V cables or P M T  
o u tp u t  cables coming ou t  of P M T  bases. After th e  glue set, which took ab o u t  24 
hours,  the  P M T s  were covered with  th e  Scotchrap ta p e  to  p ro tec t  their  sidewalls 
from any  accidental scratches and  also to  prevent electrical discharges th ro u g h  the  
glass of the  P M T . On top  of th e  Scotchrap , along the  P M T ,  were laid th e  s traps  of 
copper tap e  to  p ro tec t  th e  P M T  from the  co n tam ina tion  by helium  gas accidentally  
leaking out of th e  m agnet dewar. T hese  s traps  were soldered one to each o ther  and 
la te r  to  the  P M T  ground pin.
T he  p a r t  of th e  conical reducer ad jacen t to the  P M T  was w rapped  with 
a s t ra p  of pu re  nitrocellulose (milipore m ade  by Schleicher & Schuell) 1.5” wide to  
assure b o th  electrical isolation betw een th e  two P M T s  on th e  sam e scintilla tor panel 
and  highest reflectivity close to  the  P M T  pho toca thode .  On top  of th e  milipore s trap  
was w rapped  a piece of foam 1” wide to  provide support  for four layers of 0.1  m m  
thick ’’C O -N E T IC  A A ” foil, a m agnetic  shielding m ate r ia l  m ad e  by M agnetic  Shield 
Division of Perfection Mica C om pany, interleaved by layers of Sco tchrap . This  foil is 
charac terized  by a high perm eab ility  and  provided a high a t te n u a t io n  of th e  residual 
m agnetic  field which could p e n e tr a te  two ou ter  shields. E ach  successive layer of foil 
had  its overlap region ro ta ted  and  the  foil fully covered th e  P M T ,  except th e  P M T  
base, and  ex tended  1” beyond the  pho toca thode  over th e  conical t rans i t ion  piece. 
A small piece of copper tap e  was soldered to  each layer of foil and  to  th e  s t rap s  of 
copper foil u n d e rn ea th .  T hese  layers of ’’C O -N E T IC  A A ” foil m ad e  th e  inner p ar t
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of th e  m agne tic  shielding (Fig. 2.8) which afterw ards was covered with one layer of 
th e  Sco tchrap  tape .
T h e  o u te r  p a r t  of th e  m agnetic  shield consisted of two coaxial cylinders 
cus tom  m ad e  from 0.062” th ick  sheets of soft iron alloy called ” N E T IC  S3-6” and 
p ro duced  also by M agnetic  Shield Division (Mitchell 1994). A lthough th is  m ater ia l  
has a low perm eab ility  and  poor a t ten u a tio n  capability, it a t ten u a te s  th e  am bient 
m ag n e tic  field sufficiently below th e  sa tu ra tio n  level of th e  inner m agnetic  shields 
m ad e  of ” C O -N E T IC  A A ” foil and  it is im m une to sa tu ra tio n ,  by sa tu ra t in g  at 
h igh m agne tic  fields. T h e  sheet of ’’N E T IC  S3-6 ” was rolled to  shape, welded, 
and  annealed  by th e  m an ufac tu re r .  T he  set of two shields weighed alm ost 2 kg. 
B o th  of th e m  were a t ta c h ed  to  the  transit ion  piece (conical reducer) th ro u g h  the 
co m bina tion  of th e  plastic  collar, b rackets  holding i t ,  helicoil inserts ,  and  bolts. T he 
pu rpose  of th e  m agnetic  shielding was to provide p ro tec tion  against th e  m agnetic  
field affecting th e  gain of the  T O F  P M T s  (Knoll 1989, Burle Industr ies ,  Inc. 1989, 
Philips Pho ton ics  1993, Leo 1994). Finally, using a test P M T  and  LED , all P M T  
bases were tes ted  and  two pots P I  and P2 were ad jus ted  for th e  P M T  m axim um  
gain.
L a te  F ebrua ry  1991, the  SMILI in s tru m en t was reassembled in A nn  Arbor, 
M ichigan. T h e  first tes t  done on the  scintillators was to check th e  s ta tu s  of the  
sc in ti lla tor  jo in ts  af te r  th e  1200 mile trip  by truck. T he  LED m o u n ted  on one light 
guide was connected  to a pulse genera to r and the  anode pulses from th e  P M T  on the 
opposite  side of th e  scin tilla tor slab were observed on the  scope. This  tes t  showed 
th a t  all scintilla tors  had  survived well.
T h e  pho toelec tron  tes ts  were performed for all P M T s  by stacking two 
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F i g u r e  2.9: Setup  for acquiring  T O F  P M T  photoelec tron  counts. 821 - LeCroy 
Q uad  d iscrim inator; 365AL - LeCroy Q uad M ajo ri ty  Logic Unit; C an b e r ra  2011 
Pu lse  Shaping  Amplifier; M C A  - T h e  Nucleus Inc. Q u a n tu m  8 M ulti-C hannel 
Analyzer.
pulses from  th e  P M T  dynodes genera ted  th e  ga te  pulses for th e  M ulti-C hannel 
A nalyzer (M C A ) (Fig. 2.9). T h e  anode of the  tes ted  P M T  was connected  th ro u g h  
th e  amplifier to  the  in p u t  of th e  M CA. Each P M T  was tes ted  a t  i ts  designated  
high voltage sett ing . A t first, th e  sc in tilla tor was exposed to  g round level m uons. 
Sufficient s ta t is tics  were collected to  ob ta in  a h is togram  of m uon  signals for th e  
P M T .  N ext,  th e  P M T  was exposed to  th e  light pulses from th e  LE D  m o u n ted  on 
th e  t ran s i t io n  piece and  connected  to  th e  Pulse  G enerato r .  T he  pulse am p li tu d e  
from  th e  pulser was ad jus ted ,  so the  P M T  response to  th e  LED  light would m a tch  
th e  P M T  response to  g round level m uons as observed on the  MCA. T h e  n u m b er  of 
pho toelec trons was de term ined  from the  ratio
/  ( A p e a k )  • 2.355 \  '
pe  \  F W H M  J (2.3)
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where (^ peilk) is the  centroid of the  d is tr ibu tion  generated  by m uons  and  F W H M  
is th e  Full W id th  a t  Half M ax im u m  of the  d is tr ibu tion  genera ted  using th e  LED . 
T h is  tes t  confirmed th e  previous tes t  results th a t  th e  new b a tch  of P M T s  was less 
sensitive th an  th e  b a tch  used in the  previous flight.
T h e  fiber optics, designed for fu ture  laser tests ,  were p laced u nder  th e  
w rap  a t  th e  cen ter  of each scintilla tor. Originally, the  optical fibers m o u n ted  inside 
th e  clear pieces of lucite were po in ting  in the sam e direction as th e  P M T  tab s .  T he  
fiber optics was tes ted  by pulsing th e  LED connected  th rough  th e  bu lkhead  on one 
end  of th e  fiber optics cable and  looking at the  P M T  response on th e  oscilloscope. 
For a few T O F  panels the  response from one P M T  differed by several times from 
th e  response of the  second P M T  on the  same panel. This ind ica ted  th a t  e ither 
th e  optical con tac t  was bad or th e  light d is tr ibu tion  from the  fiber optics in to  the  
sc in tilla tor was not sym m etric .
In th e  m ean tim e, a problem  re lated to  th e  fiber optic cables was discov­
ered. T h e  non-uniformity  of fiber optic  filaments in different cables m ight cause 
t im ing  differences betw een cables. As it appeared  in th e  tests ,  t im ing  differences 
am ong  different cables were no t ap p a ren t ,  m ainly  because of the  resolution  (2  ns) 
of th e  scope used in  these  tes ts .  T hese  tim ing  differences m ight affect th e  preflight 
t im ing  ca libra tion  tes t  (Section 3.3), b u t  due to lack of th e  reliable laser beam  split­
te r  th is  tes t  had  to  be abandoned . Finally, fiber optic pieces were gen tly  pulled out 
from  u n d e rn ea th  th e  scin tilla tor w rap  and glued nex t  to  the  edge of th e  scintilla tor 
w ith  BC-600 O ptical  C em ent m ade  by Bicron. A fterw ards, all scin tilla tor panels 
were installed  back into the  in s t ru m en t  according to the assum ption  th a t  th e  best 
panels  had  to  be in th e  cen te r  of the in s t ru m en t  and worse panels on th e  outside. 
T h e  t r im m ing  pots  P I  and  P2 on each P M T  base were ad jus ted  in such a  way th a t
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th e  m ean  values of th e  d is tr ibu tions of ADC readou ts  genera ted  by  g round  level 
m uons  were approx im ate ly  th e  same for P M T s  on th e  same high voltage setting. 
T h e  fiber optics were tes ted  once again using the  n itrogen laser and  th is  tim e , th e re  
was no difference between pulses from the  anodes of two P M T s  on th e  sam e panel 
in th e  response to  the  same laser pulse. This ind icated  th a t  the  fiber optics  pieces 
holding th e  fiber optic  cable were properly glued to  the  scintillators.
A fter all com ponen ts  of the  T O F  system  were m o u n ted  (Fig. 2.10) we m ade  
several tes ts  recording h is togram s produced  by the  g round level m uons and  using 
different setups to de term ine  the  n u m b er  of photoelec trons for each P M T . A few 
hours long in s tru m en t  tes t  w ith  m agnet on allowed us to  produce m uon his togram s 
for selected P M T s.  T he  his togram s did not show any obvious d is tortion , and ,  also, 
th e  shapes of th e  P M T  anode pulses were the  same as they  were when th e  m agnet 
was off. T h e  pe counts rem ained  the same, w ith  values around  100.
D uring  these tes ts ,  we noticed light leaks in the  scintilla tor w rap . After 
some search, it was found th a t  the pro tec tive  caps on th e  open end of the  fiber optic 
cables were not light-tight. A piece of a black p ro tec tion  tap e  on top  of each cap 
was sufficient to  prevent any fu r the r  light leaks.
T h e  T O F  scin tilla tor panels were m oun ted  on th e  support  s t ru c tu re  w ith  
the ir  m ain  axes in th e  d irection norm al to  th a t  of th e  m agnetic  field (Fig. 2.10) to  
allow easy access to  th e  dew ar stack located  on the  N orth  side of th e  in s t ru m en t .  
T his  o rien ta tion  of the  scintilla tors m ade  the T O F  P M T s  m ore vulnerab le  to  th e  
m agnetic  field which has th e  smallest effect on th e  P M T  gain when th e  field is 
o rien ted  along th e  m ain  axis of the P M T  (Burle Industr ies ,  Inc. 1989, Philips 
Pho ton ics  1993, Leo 1994). B u t ,  as discussed earlier, th e  proper m agnetic  shielding 
p rovided  sufficient p ro tec t ion  against th e  residual m agnetic  field. Table  2.2 shows
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South
M agnetic  
field o rien ta tion
North
1 m
F i g u r e  2.10: A rran g em en t of T O F  scintilla tors in th e  SM ILI de tec to r  as seen from  
th e  W est side.
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T ab le 2.2: The naming scheme for the TOF PMTs.
P M T  No. E as t  Side P M T  No. W est Side
1 S11E 2 S11W
3 S12E 4 S12W
5 S13E 6 S13W
7 S14E 8 S14W
9 S21E 10 S21W
11 S22E 12 S22W
13 S23E 14 S23W
th e  n am ing  convention for all 14 P M T s  of the  T O F  system. W hen  m o u n ted  in the  
in s t ru m e n t ,  th e  E as t  edges of the  T O F  scintilla tors were positioned approx im ate ly  
a t Y  =  -50 cm while th e  W est edges were positioned a t Y =  50 cm  in th e  SMILI 
coord ina te  system , and  th e  top  side of the  S i  scintillators and S2 scintilla tors were 
loca ted  a t  Z =  98.8 cm and a t  Z =  -80.3 cm, respectively. This  m ad e  th e  baseline 
of th e  T O F  system  equal to  179.1 cm.
T O F  P M T s  were provided with the  high voltage by th e  four B e r tan  High 
V oltage Pow er Supplies 605C - 30N, rem otely  controlled by the  D SP 3016 Digital- 
to -A nalog  C onverter  (D A C). Settings on DAC channels can be modified during  the  
ex p er im en t by th e  flight co m p u te r  software in response to  th e  uplink com m ands 
sent from  th e  g round  s ta tion .
2.4 Cerenkov Detector
O ne of th e  m a jo r  changes in th e  configuration of the  SMILI in s t ru m en t  
betw een  its flights in 1989 and  1991 was a new, larger w ater  Cerenkov detector. 
This  m odification was m ade  to  increase th e  energy resolution a t h igher energies 
com pared  to  SM ILI 1. This was accomplished by increasing the  light yield th rough
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a  larger de tec to r th ickness (3” w ate r  dep th  in SMILI 2 com pared  to  2” in SMILI 1) 
and  by  increasing th e  efficiency by using 12 larger P M T s  (3” B urle  S83049F in 
SM ILI 2 com pared  to  20 2” Burle S83054F in SMILI 1 ).
T h e  need for a C erenkov detec to r arises from the  decreasing t im ing  reso­
lu tion  from  th e  T im e-of-Flight system  with increasing partic le  energy. A Cerenkov 
de tec to r  com pensa tes  for th is  deficiency above its th resho ld  up to  an u p p e r  limit at 
which its  velocity resolution effectively vanishes.
T h e  SMILI 1 Cerenkov detec tor design, assembly, tes ting , and  M onte  Carlo 
sim ula tion  is thoroughly  discussed by N u t te r  (1991). T h e  SMILI 2 w a te r  Cerenkov 
de tec to r  perform ance is th e  sub jec t of a sepa ra te  d isserta tion  (Spiczak 1994). Here, 
I p resen t a short  descrip tion  of its design (Spiczak 1993). T h e  SMILI 2 w ater  
Cerenkov coun ter  was basically an alum in ium  box w ith  ou tside d im ensions of 28.5” 
x 31.0” . Its  long sides were flat and  short sides were curved. T h e  rad ius  of curva tu re  
of th e  arc was 24.244” , cen tered  4.114” off the  de tec to r  center.  This  m ad e  th e  long 
dim ension of 40.26” from th e  center of arc to cen te r  of arc along th e  centerline of 
th e  de tec to r  (ou te r  dim ensions). On each curved side, there  were six P M T s.  T he  
a lum inum  p la te  a round  th e  box perim eter was 1 /2 ” th ick . T h e  b o t to m  of th e  box 
was m ad e  of 1 /8 ” a lum in ium  sheet and th e  top  lid was 1 /1 6 ” th ick . T h e  in terior 
was lined all a ro u n d  w ith  1 /4 ” thick w hite  po ly te tra f luoroe thy len  (P T F E )  Halon 
resin to  im prove th e  reflectivity.
2.5 S3 Interaction Detector
T h e  am o u n t  of m a t t e r  in the  Cerenkov coun ter  for SMILI 1, 6.095 g / c m 2, 
and  for th e  SMILI 2, 8.94 g / c m 2, was larger th an  th e  am o u n t  of m a t t e r  2.5 g / c m 2 
above th e  Cerenkov coun ter  in the  full detec tor.  A carbon  nucleus, for example, 
has a m ean  in te rac t io n  p a th len g th  in air of ab o u t  25 g / c m 2. T h is  m eans th a t  abou t
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25% of ca rbon  nuclei passing th rough  S i  and S2 scintilla tors would fragm ent in the  
Cerenkov counter ,  resulting in  a ca lculated  velocity being smaller, since th e  light 
o u tp u t  is smaller for th e  fragm en t charge th an  for th e  incident par tic le  whose charge 
is de te rm ined  by th e  T O F  system . As a consequence, th e  inferred mass would be 
g rea ter .  T h e  S3 in terac t ion  de tec to r  was designed to  avoid such problem s during 
d a t a  analysis. We require th e  partic le  to  have th e  same charge in th e  T O F  system  
an d  in  th e  in te rac t ion  de tec to r ,  in order to be analyzed.
Four sheets of 1 cm thick by 25 cm wide Bicron 408 scintilla tor m ade  up 
th is  de tec to r.  T h e  two o u te rm o s t  scintilla tors were 100 cm long, while th e  two 
in n e rm o st  were 120 cm long. T h e  light from each scintilla tors was collected by two 
light guides b en t  a t 90° and  a t ta c h ed  to each end of th e  scintilla tor and  viewed 
by B urle  S83049F P M T s. T hese  P M T s  were not replaced for th e  SMILI 2 flight 
since th ey  were no t dam aged . T h e  n u m b er  of photoelec trons per m uon from the  
pre-flight tests  varied between 30 to  94 for the S3 PM T s.
2.6 Data Acquisition System
T h e  purpose  of th e  d a ta  acquisition system  was to  collect all signals from 
th e  in s t ru m e n t  and  select only those events which could be d istinguished from  the  
background  by forming a coincidence of several signals. T h e  d a ta  acquisition system  
for th e  SMILI experim en t consisted of commercially available C A M A C  (C o m p u ter  
A u to m a te d  M easu rem en t and  Control) crates and m odules. T he  disadvantage of 
th is  app roach  was a ra th e r  high power consum ption  since such modules were not 
designed to  be ru n  on b a t te r ie s  and the  live tim e of th e  experim en t was l im ited  by 
th e  t im e over which the  ba t te r ie s  could provide sufficient power. T h e  success of the  
ex p e r im en t ,  which flew at th e  a l t i tu d e  of 36 km , depended  also upon th e  reliability 
of th e  com m ercial modules.
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T h e  SMILI in s t ru m en t  provided 568 channels of d a ta .  T hese  include 42 
channels  from th e  T O F  system , i.e. one 15 bit ADC and  two 11 b it  T D C s  (Time-to- 
D igital C onverter)  for each P M T , 6 channels from the  Cerenkov de tec to r,  i.e. one 
15 b it  A D C  for two P M T s ,  and  ~  512 channels from th e  D T  cham bers ,  i.e. one 9 bit 
T D C  per drift tu b e ,  and  8 channels from S3 detec tor,  i.e. one 15 bit A D C  for each 
P M T .  T h e  trigger ra te  was abou t  70 Hz at float, while th e  ra te  of th e  individual 
T O F  P M T s  was close to  5 kHz.
T h e  SMILI 2 d a ta  acquisition system  consisted of 3 C A M A C  crates and 
a NIM bin (Nuclear In s t ru m en t  Module). T he  power required by all m odules was 
es t im a ted  a t 870 W  (M cKee 1991). Tables 2.3 - 2.6 show th e  con ten ts  of each crate.
A charged  partic le  passing th rough  th e  scin tilla tor deposits  its energy 
th ro u g h  the  ionization process which releases scintilla tion light to  be  collected by 
pho to-m ultip lie r  tubes.  A photo-m ultip lier  tu b e  converts  th e  light in to  th e  electric 
pulse amplified by the  series of dynodes and received by the  P M T s  anode. T h e  15 
bit LeCroy 2285 A DC ad jus tab le  down to 30 fC /c o u n t  converted  the  P M T  electric 
pulse in to  a n u m b er  th ro u g h  the  process of charging and discharging a capacitor. 
T h e  o u tp u t  from  th e  AD C is roughly proportional to  for a par tic le  w ith  a charge 
Z m oving w ith  th e  velocity (3c.
In th e  similar fashion th e  light produced  in th e  Cerenkov de tec to r was 
collected by P M T s  and converted  into counts by the  sam e 15 bit  LeCroy 2285 
ADCs. T h e  o u tp u t  from th e  ADC was proportional to Z2( l  — ^ p )  f ° r a particle 
w ith  a charge Z moving with  the  velocity (3c th rough  a m edium  having a refraction 
index  n.
T h e  inform ation  ab o u t  th e  velocity of the  partic le  below 0.75c was p ro ­
vided by m easuring  a  partic le  Time-of-Flight and  th e  ac tu a l  d is tance a  partic le
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T ab le 2.3: Contents of crate # 1  (CAMAC).
Slot No. M odule Description
1 LeCroy 4291B 32 channel 10 b it  D T  T D C
:
18 LeCroy 4291B 32 channel 10 b it  D T  T D C
19 E m p ty
20 E m p ty
21 K inetic  System s 3824 976.5625 Hz Clock
22 - 23 LeCroy 6 8 8  AL Level A dap te r  (T T L  to NIM)
24 - 25 LeCroy 4298 D T  T D C  Controller
T a b l e  2.4: C onten ts  of c ra te  # 2  (C A M A C ).
Slot No. M odule Description
1 - 2 LeCroy 2415 D T  HV Power Supply  # 1
3 - 4 LeCroy 2415 D T HV Power Supply  # 2
5 - 6 LeCroy 2415 S3 HV Power Supply  # 1
7 P C M  Encoder
8 P C M  Encoder
9 D SP 3016 16 channel DAC
10 LeCroy 2551 12 channel, 24 b i t  Scaler
11 K inetic  System s 3516 32 channel, 16 bit  Scanning ADC
12 K inetic  System s 3063 16 bit In p u t  G a te /O u tp u t  Register
13 K inetic  System s 3514 16 channel, 12 b it Scanning ADC
14 K inetic  System s 3291 D ataw ay  Display
15 - 16 LeCroy 2415 S3 HV Power Supply  # 2
17 P C M  E ncoder
18 - 19 E m p ty
20 K inetic  System s 3824 D154 Serial Highway Driver
21 K inetic  System s 3824 MRV11C E P R O M  Boot Loader
22 K inetic  System s 3824 H ard Disk Controller
23 K inetic  System s 3824 256 M byte  M em ory
24 - 25 K inetic  System s 3921 LSI 11/73 M ain Flight C om pute r
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Table 2.5: C onten ts  of cra te  # 3  (C A M A C ).
Slot No. M odule Description
1 - 2 LeCroy 2280 A DC System  Processor
3 LeCroy 2285 24 channel 15 bit ADC
4 LeCroy 2285 24 channel 15 bit ADC
5 LeCroy 4299 D T  T D C  DATABUS Interface
6 E m p ty
7 LeCroy 2228A 8 channel 11 b it  T D C  50 p s /co u n t
8 LeCroy 2228A 8 channel 11 b it  T D C  50 p s /co u n t
9 LeCroy 2228A 8 channel 11 b it T D C  50 p s /co u n t
10 LeCroy 2228A 8 channel 11 b it  T D C  50 p s /co u n t
11 LeCroy 2228A 8 channel 11 b it T D C  1/xs/count
12 Phillips 7120 C harge S o u rce /T im e  In terval G enerator
13 - 17 LeCroy 3001 qVt M ulti-C hannel Analyzer
18 LeCroy 2301 qVt M CA C A M A C  Interface
19 E m p ty
20 E m p ty
21 E m p ty
22 K inetic  System s 3824 D154 Serial Highway Driver
23 K inetic  Systems 3824 DLJ11V11 Term inal Interface
24 - 25 K inetic  Systems 3923 LSI 11/23 C ra te  Controller
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T a b l e  2.6: C o n ten ts  of cra te  # 4  (NIM  bin).
Slot No. M odule D escription
1 O R T E C  474 T im ing  F il te r  Amplifier
2 LeCroy 222 D ual G a te  and  Delay G enera to r
3 LeCroy 622 Q uad  Coincidence 4 x 2
4 Phillips 755 Q uad  Fourfold Coincidence
5 LeCroy 429A Logic Fan In /F a n  O u t  2 x 8
6 LeCroy 429A Logic Fan In /F a n  O u t  4 x 4
7 LeCroy 821 Q uad  D iscr im inato r
8 LeCroy 821 Q uad  D iscr im inato r
9 LeCroy 821 Q uad  D iscr im inato r
10 LeCroy 821 Q uad  D iscr im inato r
11 LeCroy 623B O cta l  D iscrim inator
12 LeCroy 623B O cta l  D iscrim inator
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travels betw een  tw o scin tilla tors  including the effect of bending by the  m agne tic  field. 
D iscr im inators  sensitive to  th e  rising edge of th e  P M T  anode and  dynode  pulses 
provided  signals to  th e  LeCroy 2228A T D C  modules which m easured  a partic le  
Tim e-of-Flight. T h e  reso lu tion  of 2228A T D C s was ad jus ted  down to  50 p s /c o u n t  
and  they  o p e ra ted  in th e  C O M M O N  STA R T m ode. T h e  S T A R T  signal for all T O F  
T D C  channels  was provided  by the in s t ru m en t  trigger pulse and  th e  S T O P  signals 
were th e  delayed logic pulses either from the  LeCroy 821 d iscrim inators w ith  their 
th resholds set ’’low” or from the  LeCroy 623B discrim inators w ith  corresponding 
thresholds  set ’’h ig h ” .
A t ra je c to ry  of a  charged partic le  th rough  the  SMILI in s t ru m en t  was de­
te rm ined  by a set of 512 drift tubes (D T s) . A charge partic le passing th ro u g h  the 
gaseous m ed ium  ionizes it  by  freeing electrons which drift tow ard  th e  sense wire. 
A position of th e  passing partic le  relative to the  D T sense wire can be determ ined  
by  m easur ing  electron drift t ime. This task  was accomplished by a LeCroy 4290 
Drift C h am b er  T im e Digitizing System consisting of a 4298 T im e Digitizer C on­
troller and  eighteen 32 channel 4291B T im e Digitizer modules opera ting  in  the  
C O M M O N  S T O P  m ode. T h e  STA R T signal for each T D C  channel was provided 
by  a  pulse from  th e  drift tu b e  sensing wire (anode wire) which w ent th ro u g h  th e  
LeCroy 2735DC or 2735A p ream plif ie r /d isc r im ina to r  producing a logic pulse of the  
co n s tan t  w id th . In order to  preven t la te  pulses coming from D Ts and  re s ta r t ing  
T D C s  th e  custom  E C L  pulse s tre tch e r  was installed for each D T  channel be tw een  a 
p ream plif ie r /d isc r im ina to r  and  the  D T  T D C  and it la tched the  in p u t  logic pulse for 
2 fis  which was long enough for electrons to drift to the sense wire the  full d istance 
from  close to  th e  D T  wall. T h e  S T O P  signal, com m on for all D T  T D C  channels, 
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F i g u r e  2.11. SMILI 2 trigger logic d iagram . 821 - LeCroy Q uad discriminator; 429A - LeCroy Logic Fan In /F a n  Out; 
755 - Phillips Q uad Fourfold Coincidence Unit; 622 - LeCroy Q uad  Coincidence; 222 - LeCroy Dual G a te  G enerator; 




T h e  SM ILI in s t ru m e n t  trigger was formed by a set of NIM  logic modules 
(Fig. 2.11) using logic signals genera ted  by LeCroy 821 d iscrim inators  whenever 
inverted  pulses coming from the  last dynode of th e  T O F  P M T s  exceeded a certain 
th resho ld ,  th e  so called ’’h ig h ” threshold . T he  logical signals, coming out from the 
d iscrim inators ,  were passed  th ro u g h  th e  LeCroy 429A F a n - In /F a n -O u t  m odule  into 
th e  Phillips 755 Coincidence Unit which had a g a te  set a t 200 ns. T h e  coincidence 
level was set a t  th ree  which m eans th a t  at least any th ree  signals coming from the  
LeCroy 429A F a n - I n /F a n -O u t  m odule  within 200 ns formed a trigger signal. These 
h ad  to  be  th e  two signals from  th e  two P M T s  on th e  S i scintilla tors and  th e  signal 
from one P M T  from any  S2 scin tilla tor or the  tw o signals from the  two P M T s  on 
th e  S2 scintilla tors  and  th e  signal from one P M T  from any SI scintilla tor.
T h e  tr igger signal inh ib ited  any o ther signals coming from th e  LeCroy 
429A F a n - In /F a n -O u t  channels  by sending an inh ib it  signal to  th e  V E T O  in p u t  of 
th e  Phillips 755 Coincidence Unit.  This  inhibit pulse had a form of the  la tched  
g a te  pulse and  was coming from the  NIM o u tp u t  of one channel of th e  LeCroy 
222 D ual G a te  and  Delay G en era to r  in response to  the  pulse in th e  S T A R T  inpu t.  
T h e  trigger signal s ta r te d  T O F  T D C s and  formed a 200 ns NIM gate  pulse for the 
LeCroy 2280 A D C  System  Processor in one of the  LeCroy 622 Q uad  Coincidence 
Units. D uring  th e  gate ,  any  pulse coming from the  scin tilla tor P M T  anode was 
digitized by  th e  corresponding  A DC. T he  timing of this ga te  had  to  coincide with  
th e  ac tu a l  pulses from th e  P M T  anodes. This required tim e delays betw een P M T  
anodes and  corresponding  A D C  channels to be equal to  th e  t im e delays between 
T O F  P M T  dynodes and  the  LeCroy 2280 ADC System Processor g a te  in p u t .  These 
ad d it iona l  delays were provided by 24 feet long cables which delayed pulses from
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P M T  anodes by 36 ns. T he  delayed trigger pulse provided the  LeCroy 4298 D T  
T D C  Controller w ith  th e  S T O P  pulse for D T T D C s.
T h e  Phillips 755 Coincidence Unit was enabled to  accept pulses from the  
T O F  P M T  dynodes by the  flight com pute r  software after all d a ta  were read  out from 
th e  C A M A C  m odules located  in the  d a ta  acquisition crates ($ T  and  ^ 3 )  in to  the  
corresponding buffers and  th e  n u m b er  of hit DTs and the  n u m b er  of T D C  readou ts  
w ithou t  O V E R F L O W  from ’’h igh” threshold  T D C s were tes ted  w hether  they  were 
within preset limits. T he  enabled T T L  pulse was generated  by th e  Kinetic System 
3063 In p u t  G a te /O u tp u t  Register m odule  on request by th e  flight software and it 
went th ro u g h  th e  LeCroy 6 8 8  Level A d ap te r  and the LeCroy 821 D iscr im inator to  
th e  S T O P  in p u t  of th e  LeCroy 222 Dual G a te  and Delay G enera to r  where it reset 
the  ga te  pulse on th e  NIM o u tp u t  of this generator.  This ga te  reset logic pulse was 
sent th ro u g h  th e  LeCroy 429A F an -In /F an -O u t  m odule to th e  V E T O  in p u t  of the  
Phillips 755 Coincidence Unit.  This  allowed the coincidence un it  to  accept fu r ther 
pulses from th e  ’’h ig h ” threshold  discrim inators . T he  inverted  pulse from th e  same 
LeCroy 429A F a n - In /F a n -O u t  channel AN D ed with  the  pulse from th e  SMILI Clock 
in th e  LeCroy 622 Q uad  Coincidence Unit generated  a pulse for th e  scaler channel 
which coun ted  t im e during  which the  Phillips 755 Coincidence Unit was uninhib ited  
and  th e  in s t ru m en t  was ready to  accept triggers (Live Tim e).
2.8 Housekeeping Hardware
T h e  SM ILI in s t ru m en t  was equipped with sensors to  record inform ation 
ab o u t  th e  env ironm ent inside th e  gondola. After the  flight, this in form ation  was 
used to  unfold correlations betw een th e  environm ent and a behav iour of the  in s t ru ­
m en t  com ponen ts .  T h e  housekeeping inform ation  from 73 channels was generated  
every 8.3886 s. T h e  flight com pu te r  software read th e  m em ory  conten ts  of two
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scanning Analog-to-Digita l converters as well as th e  cu rren t  con ten ts  of th e  scaler 
and  transferred  th e m  in to  two housekeeping frames downlinked to  th e  g round  s ta ­
t ion  on th e  secondary  channel. Tables 2.7, 2.8, 2.9, and  2.10 list alm ost all house­
keeping channels  including their  location in th e  corresponding housekeeping frame. 
N ot inc luded  in  these  tables is housekeeping in fo rm ation  which did n o t  come from 
th e  scaler, any  scanning  A DCs, and the  C A M A C  High Voltage Pow er Supplies, 
i.e. th e  sett ings  of th e  Digital-Analog Converters  (D A C), th e  n u m b e r  of events re ­
jec ted  by th e  flight co m p u te r  software because  a n u m b er  of h i t  D T s in th e  event 
exceeded 2 0 0 , th e  n u m b er  of events rejected by the  flight com pu te r  software because 
all ’’h ig h ” th reshold  T O F  T D C  readouts  had  an O V E R F L O W , and  th e  copy of the 
las t  co m m an d  sent up link (E C H O ).
T h e  in fo rm ation  from the scaler expressed in term s of counts,  was con­
verted  in to  ra tes  af te r  the  flight. T he  rates from scaler channels # 6  and  # 7  are 
essentially  equivalent to  the  ra te  from channel # 5 ,  b u t  they  were not inh ib ited  by 
th e  tr igger (Fig. 2.11). All scaler channels were reset after being read  out.
In fo rm ation  from th e  sensors, given in term s of voltage, was fed in to  one 
of th e  scanning AD C s (S A D C ), either K inetic  System  3514 or th e  K inetic  System  
3516, which converted  th em  in to  digital form as b inary  num bers .  In order to  recover 
th e  ac tu a l  physical values th e  following conversion had  to  be applied  to  th e  d a ta  
from th e  3514 SADC:
psadc =  (sadc/819 .2) A +  B 
T h e  physical values from  the  3516 SADC were obta ined  by
psadc =  (sadc/6553.6) A +  B
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0 HK 1 22 - 23 Total Time, 688AL Clock Pulse
0 HK 2 47 - 48 Total Time, 688AL Clock Pulse
1 HK 1 24 - 25 Live Time, Clock Pulse -INHIBIT
1 HK 2 49 - 50 Live Tim e, Clock Pulse -INHIBIT
2 HK 1 26 - 27 DT Rate 1
3 HK 1 28 - 29 DT Rate 2
4 HK 1 30 - 31 DT Rate 3
5 HK 1 32 - 33 Fast Trigger Rate
6 HK 1 34 - 35 Si • S2 Rate
7 HK 1 36 - 37 SI ■ S2 Rate
8 HK 1 38 - 39 Si East Rate
9 HK 1 40 - 41 Si West Rate
10 HK 1 42 - 43 S2 East Rate
11 HK 1 44 - 45 S2 West Rate
T a b l e  2.8: D a ta  from  the  Kinetic  Systems 3514 Scanning ADC.
Channel HK
frame
Word Information Units A B
1 HK 1 6 Voltage —6 V, Crates 1 & 4 V -2.04973 0.0
2 HK 1 7 Current HV Si East H A 600.0 0.0
3 HK 1 8 Current HV S2 East f iA 600.0 0.0
4 HK 1 9 Current HV Si West (i A 600.0 0.0
5 HK 1 10 Current HV S2 West /xA 600.0 0.0
6 HK 1 11 Current HV CK f iA 1200.0 0.0
7 HK 1 12 Battery Monitor +48 V V 13.8513 0.0
8 HK 1 13 D T  Gas # 1  Flow SLM .10 .038846
9 HK 1 14 D T  Gas # 2  Flow SLM .10 .038846
10 HK 1 15 D T  Gas # 1  Pressure psi .20 -.0086
11 HK 1 16 D T  Gas # 2  Pressure psi .20 -.0086
12 HK 1 17 Relay Voltage, +24 V V 5.87454 0.0
13 HK 1 17 Fan Voltage, +12 V V 4.0394 0.0
14 HK 1 19 Not used
15 HK 1 20 Not used
16 HK 1 21 N ot used
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T a b l e  2.9: D a ta  from the  Kinetic Systems 3516 Scanning ADC.
Channel HK
frame
Word Information Units A B
1 HK 2 5 Voltage IIV S i East V 602.338 5.944
2 HK 2 6 Voltage HV S2 East V 603.134 7.082
3 HK 2 7 Voltage HV Si West V 600.587 6.871
4 HK 2 8 Voltage HV S2 West V 602.540 6.517
5 HK 2 9 Voltage HV CK V 302.184 2.800
6 HK 2 10 2280 Gain Voltage V 1.00 0.0
7 HK 2 11 Not used
8 HK 2 12 Not used
9 HK 2 13 Not used
10 HK 2 14 Stack Pressure psi 3.782 -0.3345
11 HK 2 15 Gondola Pressure psi 3.782 -0.3345
12 HK 2 16 Not used
13 HK 2 17 Temp., under S3 °C 100.4722 -273.15
14 HK 2 18 Temp., near +5 power °C 101.8849 -273.15
15 HK 2 19 Temp., top south side °C 101.2248 -273.15
16 HK 2 20 Temp., at stack °C 101.2115 -273.15
17 HK 2 21 Temp., south side of CK °C 101.5847 -273.15
18 HK 2 22 Temp., top of crate 3 °C 100.4419 -273.15
19 HK 2 23 Temp., top of NIM crate °C 101.1736 -273.15
20 HK 2 24 Temp., top of DT crate °C 101.9056 -273.15
21 HK 2 25 Temp., top of main crate °C 101.1531 -273.15
22 HK 2 26 Voltage, +5  V, V 2.008 0.0
23 HK 2 27 Voltage, - 5  V, Pulse Stretch. V 1.9565 0.0
24 HK 2 28 Voltage, —5 V, TDCs V 2.0633 0.0
25 HK 2 29 Voltage, +6  V, Crates 2 & 4 V 2.0592 0.0
26 HK 2 30 Voltage, +6  V, Crates 1 & 3 V 2.0133 0.0
27 HK 2 31 Voltage, —6 V, Crates 2 & 3 V 1.9885 0.0
28 HK 2 32 Voltage, +12 V V 4.0570 0.0
29 HK 2 33 Voltage, —12 V V 4.1693 0.0
30 HK 2 34 Voltage, +24 V V 6.0848 0.0
31 HK 2 35 Voltage, —24 V V 5.9785 0.0
32 HK 2 36 Voltage, +48 V V 16.7024 0.0
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T ab le 2.10: Data from LeCroy 2415 CAMAC High Voltage Power Supplies.
Slot No. HK
fram e
W ord Inform ation Units A B
1 - 2 HK  1 49 Voltage D T  HV #  1 V 1.0 0.0
1 - 2 HK 1 50 C u rren t  D T  HV #  1 f iA 625 • 10~ 3 0.0
3 - 4 HK  1 51 Voltage D T HV #  2 V 1.0 0 .0
4 - 4 HK  1 52 C u rren t  D T  HV #  2 /i A 625 • 10"3 0.0
5 - 6 HK  2 37 Voltage S3 HV #  1 V 1.0 0.0
5 - 6 HK 2 38 C u rren t  S3 IIV #  1 f iA 6 2 5 ■ 1 0 -3 0.0
15 - 16 HK  2 39 Voltage S3 HV #  2 V 1.0 0.0
15 - 16 HK  2 40 C u rren t  S3 HV #  2 /i A 625 ■ 10~ 3 0.0
where  sadc is th e  housekeeping d a ta  in the  b inary  form  and  th e  psadc  is i ts  ac tua l  
physical correspondence. A and  B were determ ined  during  th e  SMILI 1 preflight 
ca librations  (M cKee 1991) and  are given in Tables 2.8, 2.9, and  2.10. T h e  conversion 
of th e  housekeeping d a ta  from the  LeCroy 2415 High Voltage Pow er Supplies was 
s tra igh tfo rw ard .  It  required only m ultip lication  by a cons tan t  A, to  o b ta in  the  
corresponding  voltage or curren t.
2.9 Data Format
T h e  flight co m p u te r  software collected in fo rm ation  from  all channels  of 
th e  d a ta  acquisition system  and  after pre lim inary  processing (Section 2.11) loaded 
th e  con ten ts  of the  selected channels in the buffer located  in one of th e  Kinetic 
System s 3824 m odules. D a ta  were stored in this buffer in th e  fixed leng th  records 
called frames. T h e  events formed by the flight co m p u te r  software in response to 
th e  in s t ru m en t  trigger consisted e ither of the  single DATA fram e or th e  m ultip le  
fram es i.e. th e  single DATA fram e and  the  m ultip le  con tinua tion  (C O N T ) frames.
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T h e  A D C  ca lib ra t ion  and  housekeeping d a ta  were stored in th e  single fram e while 
th e  D T  T D C  ca libra tion  d a ta  were stored in 10 frames.
T h e  fram es were copied from the  buffer to  the  custom  P C M  (Pulse  Code 
M o du la t ion )  encoders and  transferred  to  the tran sm it te rs  m o u n ted  outs ide  th e  gon­
dola shell and  downlinked to the  g round sta tion  where they  were recorded. During 
th e  flight, one of the  64 k b i t / s  P C M  channel was designated  as th e  p r im ary  channel 
and  was t ra n sm it t in g  events contain ing  a t the most 2 frames. T h e  second 64 k b i t / s  
P C M  channel was designated  to transfer events with larger n um bers  of frames as well 
as th e  housekeeping d a ta .  ADC and D T  T D C  calibration  d a ta  were sent th rough  
b o th  64 k b i t / s  channels which were called the  auxiliary channels and  were used 
for one-way transm ission. T h e  th ird  32 k b i t /s  channel was designed as th e  m ain  
channel and  was used for two-way com m unication.
T h e  con ten ts  of all four types of frames are shown in Table 2.11. Each 
fram e was 70 words long, contain ing  67 words of d a ta  and  th e  additional,  last,  3 
words were designated as a filler. T he following abbrevia tions  are used in this table.
S y n c h :  This  word m u st  conta in  B1B1 hexadecim al otherw ise a serious fram e synch 
erro r occurred . D uring  th e  successful, second a t te m p t  to  digitize th e  SMILI 2 
d a ta se t ,  th is  word was su b s t i tu ted  by two words conta in ing  th e  Greenwich 
M ean T im e in seconds and milliseconds and two one bit flags ind icating  possible 
synch fram e and  synch subfram e errors.
C h e c k  S u m :  This  word contains the  result of an E X C L U S IV E  O R  s ta r t in g  from 
word 3 and  ending at word 67.
T y p e :  T w o b its  ind icating  th e  type  of event in th e  cu rren t  frame. 00 - DATA 
fram e, 01 - A D C A L  fram e, 10 - HK frame, and 11 - D T  T D C  CAL frame.
E v L O  a n d  E v H I :  T he  16 least significant and 12 most significant bits of the
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T ab le  2.11: SMILI 2 Data Format.
W o r d I*n u nc  T y p e
D A T A
(0 0 )






D T  T D C  C A L
( n )
1 S y n c h  ( B 1 B 1 ) S y n c h  ( B I B l ) S y n c h  ( B I B l ) S y n c h ( B l B l ) S y n c h  ( B l B l )
2 C h e e k  S u m C h e c k  S u m C h e c k  S u m C h e c k  S u m C h e c k  S u m
3
T y p e  ( 1 5 :1 6 )  
D T - r e g  ( h i ) ( 1 3 : 1 4 )  
E v H I ( l : 1 2 )
T y p e  ( 1 5 :1 6 )  
N i l  K A (1:1-1)
T y p e  ( 1 5 :1 6 )  
N H K l  (1:1-1)
T y p e  ( 1 5 :1 6 )  
N H K 2 ( l  :1 -1)
T y p e  ( 1 5 :1 6 )  
D T C A L B  (5 :14 )  
D F R A M ( 1 : 4 )
1 E v L O ( l : 1 6 ) " l o o o o o
o c t a l
H F r a m (  16:16)  
X S F .T  1(1 :1 5 )
H F r a m ( 1 6 : 1 6 )  
N X R D ( 1 : 1 5 )
O v e r ( 1 6 : 1 6 )  
N D S S ( 1 : 1 5 )
5
O v ( 1 6 : 1 6 )  
N T L ( 1 2 : 1 5 )  
N T H  (8 :11 )  
N D T f l  :7)
A D C  1(1 :1 5)  
p e d e s t a l
N S F . T 2 ( 1 : 1 6 ) S A D C 1  ( 1 :1 6 ) D T C  A L ( 1 :1 6 )
6 D T - r e g  ( l o ) ( 1 :1 6 ) A D C 2 ( 1 : 1 5 ) S A D C l  ( 1 :1 2 ) S A D C 2 (  1 :16) D T C A L ( 1 : 1 6 )
7 -1 2 C K  A D C  1-6 (1 :1 5 ) A D C 3 - 8 ( 1 : 1 5 ) S A D C 2 - 7 ( 1 : 1 2 ) S A D C 3 - 6 ( 1 : 1 6 ) D T C A L ( 1 : 1 6 )
13-2 0 S 3  A D C l - 8  (1 :15) A D C 9 - 1 6 ( 1 :15) S A D C S - 1-1(1:12) S A D C 1 0 - 1 6 ( 1 :1 G ) D T C A L ( 1 : 1 6 )
21 E r r ( 1 4 : 1 6 )  
C o m  S t o p f l  :12)
A D C  1 7 ( 1 :15) n o t  u s e d S A D C 1 7 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
22 T O P  1 D X ( 1 3 : 1 6 )  
T D C  ( l u ) ( l : 1 2 )
A D C 1 8 ( 1 : 1 5 ) S C A L O  ( l o ) ( l :  16) S A D C 1 8 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
23 T O F  A D C ( 1 : 1 5 ) A D C 1 0 ( 1 : 1 5 ) S C A L 0  ( h i ) ( l : 16) S A D C 1 9 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
22 +
2 -  N T H
T O F  1 D X ( 1 3 : 1 6 )  
T D C  ( l o ) ( l : 1 2 )
D T C A L ( 1 : 1 6 )
2 2 +
2 * N T H  
+  1
T O F  I D X ( 1 3 : 1 6 )  
T D C  ( l o ) ( l : 1 2 ) D T C A L ( 1 : 1 6 )
22 +
2 -  N T L  
+  N T H
T b i t ( 1 6 : 1 6 )  
D T  C h a n (  11:15)  
D T  T D C ( 1 : 1 U )
D T C  A L ( 1 :1 6 )
2 9 S C  A 1.3 (h i )  ( 1 :8) S A O C 2 5 (  1 :1 2) D T C A L ( 1 : 1 6 )
3 0 S C A L -I  (lu)  ( 1 :16 ) S A D C 2 6 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
31 S C A L 4  ( h i ) ( 1 :8) S A D C 2 7 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
32 S C A L 5  ( l o ) ( l : 1 6 ) S A D C 2 8 ( 1 :12) D T C A L ( 1 : 1 6 )
3 3 S C A L 5  ( h i ) ( l : 8 ) S A D C 2 9 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
3*1 S C A L 6  ( lo ) (  1:16) S A D C 3 0 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
35 S C  A I..6 ( h i ) (  1:8) S A D C 3 1 ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
3 6 S C A  1.7 (To)(1 :16) S A D C 3 2 ( 1 : 1 2) D T C A L ( 1 : 1 6 )
3 7 S C  A 1,7 ( h i ) (  1:8) H V 3 ( S 3 ) ( 1 : 1 2 ) D T C A L ( 1 : 1 6 )
3 8 S C A  1,8 ( l o ) ( l : 1 6 ) 13(S3)  (1 :1 2 ) D T C A L ( 1 : 1 6 )
3 9 S C A L 8  ( h i ) ( 1 :8) H V - 1 (S 3 ) (1 :1 2 ) D T C A L ( 1 : 1 6 )
-10 S C A  1.9 ( l o ) (1 :16) 1-1 (S 3 )  (1 :1 2 ) D T C A L ( 1 : 1 6 )
-11 S C A L D  ( h i ) ( 1 :8) D A C 0 ( 1 : 1 6 ) D T C A L ( 1 : 1 6 )
12 S C A  L i t )  ( lo ) (  1:16) D A C l ( l : 1 6 ) D T C A L ( 1 : 1 6 )
-13 S C A  1,10 ( h i ) ( 1 :8) D A C 2 ( 1 : 1 6 ) D T C A L ( 1 : 1 6 )
14 S C A L 1 1  ( lo ) (  1:16) D A C 3 ( 1 : 1 6 ) D T C A L ( 1 : 1 6 )
15 S C A  L I  1 ( h i ) ( 1 :8) D A C -1 (1 :1 6 ) D T C A L ( 1 : 1 6 )
1 6 \ T ) T C U T ( 1 : 1 6 ) D A C l  5 ( 1 :1 6 ) D T C A L ( 1 : 1 6 )
17 N T O F C U T ( l : 1 6 ) S C A L l ( l o ) ( l : 1 6 ) D T C A L ( 1 : 1 6 )
1 8 E C H O  ( 1 :16 ) S C A L l ( h i ) ( l : 8 ) D T C A L ( 1 : 1 6 )
1 9 I I \ ' 1 ( D T ) ( 1 : 1 6 ) S C A L 2 ( l o ) ( l : 1 6 ) D T C A L ( 1 : 1 6 )
5 0 11 ( D T )  (1 :1 6 ) S C A L 2 ( h i ) ( l : 8 ) D T C A L ( 1 : 1 6 )
51 I ! V 2 ( D T ) ( 1 :16) D T C A L ( 1 : 1 6 )
52 I 2 ( D T )  (1 :16) D T C A L ( 1 : 1 6 )
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event n u m b er ,  respectively.
O v :  If  this b it  is set, it m eans this fram e is con tinued  in th e  nex t  fram e.
C K  A D C :  T h e  A DC readou ts  from anodes of all P M T s  viewing th e  Cerenkov 
detector.
S 3  A D C :  T h e  A D C  readou ts  from anodes of all P M T s  viewing th e  S3 in terac t ion  
detector.
N T H / N T L :  T h e  n u m b er  of ”h ig h ” / ” low” threshold  T O F  T D C s  sent.
T O F  I D X :  T h e  index of th e  T O F  P M T ,  whose T D C  was read o u t  by th e  flight 
software. It  s ta r ts  from zero.
T O F  T D C  ( h i ) :  T h e  read o u t  from th e  T D C  channel s topped  by th e  signal from 
th e  LeCroy 821 d iscrim inato r which was set a t  th e  ’’h ig h ” th resho ld . T h e  in p u t  
pulse to  th is  d iscr im inato r  channel cam e from th e  T O F  P M T  dynode.
T O F  A D C :  T h e  A D C  readou t  of the  P M T  anode pulse.
T O F  T D C ( l o ) :  T h e  read o u t  from th e  T D C  channel s topped  by th e  signal from 
th e  LeCroy 623B d iscrim inato r which was set a t th e  ’’low” threshold . T he 
in p u t  pulse to  th is  d iscrim inato r channel cam e from th e  T O F  P M T  anode.
D T - r e g :  T h e  drift tu b e  hit register. T h ere  are 18 bits corresponding  to  18 modules 
in th e  crate .  T h e  r igh tm ost  b it  indicates m odule  1. Bits ind ica t ing  modules 17 
and  18 are in word 3.
E r r :  A set of error bits ind icating  errors in th e  read  d a ta  if any  of th e m  is set. 
Bit 16 ( th e  leftm ost) indicates a  4299 QSCA N  error. Bit 15 ind icates  a  2285 
AD C Q SC A N  error and  Bit 14 indicates an ASCA N  error (T O F  T D C s).
N D T :  T he  n u m b e r  of h it  D T s sent in th e  cu r ren t  frame.
T b i t :  A toggle b it .  If th is  b it  is set, it m eans th e  D T  m odule  index  is increm ented .
D T  C h a n :  T h e  index of the  D T  T D C  channel.
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D T  T D C :  T h e  read o u t  from the  D T  T D C .
H F R A M :  A b it ind ica ting  firs t(0) or sec o n d ( l)  HK frame.
N H K :  T h e  housekeeping n u m ber.  Each first housekeeping fram e has a  unique 
N H K . T h e  second housekeeping fram e and  any  A D C  ca lib ra tion  fram e have 
th e  sam e N H K  u n ti l  an o th e r  first housekeeping fram e is sent.
D T C A L B :  T h e  D T  T D C  ca libration  n u m b er.  E ach  first D T  T D C  ca libration  
f ram e begins a  new D T C  ALB. T he  rest of th e  fram es in the  D T  T D C  ca libra tion  
h ave  th e  sam e num ber.
D F R A M :  This  n u m b er  indicates  which fram e of th e  D T  T D C  ca lib ra tion  event 
th is  f ram e is. I t  varies from 1 to  10.
N D S S :  T h e  T O T A L  n u m b er  of D T C A L  words sent in th e  whole ca libration  event, 
no t ju s t  th is  fram e. I t  is equal to  595. Each fram e holds 63 D T C A L  words.
D T C A L :  T h e  raw  D T  ca libra tion  frame. If its bit 16 is set th en  b its  10 - 14 
con ta in  th e  D T  T D C  slot n u m b er  (1 - 18). If  th is  bit is 0 th en  b its  10 - 14 
con ta in  th e  D T  T D C  channel n u m b er  (1 - 32) while bits 1 - 9  con ta in  th e  D T  
T D C  ca lib ra t ion  d a ta .
N S E T l :  T h e  erro r count sent by th e  flight software. It  was not used during  th e  
flight and  m u s t  be zero.
N S E T 2 : T h e  t im e-ou t  error count in th e  ADC ca libra tion  event. If  th e  2285 
A D C  m odules do not respond with  a LAM  (Look-A t-M e) signal w ith in  4000 
loops, th is  co u n te r  is inc rem en ted  and  the  flight p rog ram  ju m p s  out of th e  ADC 
ca lib ra t ion  event.
N X R D :  T h e  n u m b er  of software recognized LAMs since th e  las t  housekeeping. It  
is in c rem en ted  each t im e the  flight software en ters  the  X R E A D  routine .
S A D C :  T h e  scanning AD C readouts .  T h e  first housekeeping fram e conta ins  d a ta
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from th e  3514 K inetic  System  12 bit ,  16 channel, scanning A D C , while the 
second housekeeping fram e contains d a ta  from the  3516 Kinetic  System  15 b it ,  
32 channel,  scanning A D C .
S C A L :  T h e  24 b it scalers. F irs t  word contains th e  16 least significant b its  and  
th e  second word con ta ins  the  8 m ost significant bits.
I: T h e  cu rren t  for one of th e  four LeCroy 2415 High Voltage Pow er Supplies. E ach  
coun t corresponds to  625 nA.
H V :  T h e  high voltage for one of the  four LeCroy 2415 High Voltage Pow er Supplies.
N D T C U T :  T h e  n u m b er  of events not sent to the  g round s ta t io n  because  the 
n u m b e r  of D Ts was out of range (0 <  N D T  <  200).
N T O F C U T :  T h e  n u m b er  of events not sent to  th e  g round s ta t ion  because  all 
’’h ig h ” th reshold  T D C  readou ts  had an O V E R F L O W  (N T H  >  0).
E C H O :  A copy of th e  m ost recent uplink com m and sent.
D A C :  T h e  D AC sett ings  for th e  T O F  and CK High Voltage Pow er Supplies (0:4) 
and  th e  gain se tt ing  on th e  LeCroy 2280 System Processor(15).
2 .1 0  U p l i n k  C o m m a n d s
T h e  com m unica t ion  with  the  SMILI in s t ru m en t  during  th e  flight was ac­
complished by sending ap p ro p r ia te  com m ands (Table 2.12) th ro u g h  th e  te lem e­
t ry  (32 k b i t / s  channel) to  th e  Kinetic  Systems 3063 In p u t  G a te /O u tp u t  Register 
m odule. T h e  Look-A t-M e (LA M ) line of this m odule was exam ined  by th e  flight 
co m p u te r  software for ind ication  th a t  an uplink com m and  had  been sent and  this 
co m m an d  was im m edia te ly  executed. T he m ain purpose of g round  com m ands  was 
to  allow changing  th e  in s t ru m en t  trigger m ode from th e  fi - m ode  during  th e  ascent 
to  th e  flight m ode when the in s t ru m en t  was a t float. This was done by  sending 
com m ands  which reset th e  high voltage settings on th e  T O F  P M T s ,  S3 P M T s ,  and
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D T  H V  pow er su p p lies. T he uplink com m ands ’’Clear A ll” and ’’R esta r t” shutdow n  
th e  flight com p u ter and reb ooted  it ,  respectively .
Table 2.12: L ist o f  ground com m ands accepted  by th e  SM ILI flight com puter.
Command Command Word Bits
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
Clear All 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
Restart 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 1
Reset 2280 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0
Set D T I  HV 1 1 0 0 0 HV/2
Set DT2 HV 1 1 0 0 1 HV/2
Set S3E HV 1 1 0 1 0 HV/2
Set S3W HV 1 1 0 1 1 HV/2
Set S lE  HV 1 0 1 0 0 DAC Channel 0/8
Set S1W HV 1 0 1 0 1 DAC Channel 2/8
Set S2E HV 1 0 1 1 0 DAC Channel 1/8
Set S2W HV 1 0 1 1 1 DAC Channel 3/8
Set CK HV 1 0 0 0 DAC Channel 4/8
Set D T I I-limit 0 1 1 0 0 I-limit 10/x/count
Set DT2 I-limit 0 1 1 0 1 I-limit 10/i/count
Set S3E I-limit 0 1 1 1 0 I-limit 10/i/count
Set S3W I-limit 0 1 1 1 1 I-limit 10/i/count
Set NDT max 0 1 0 0 0 Max no. of DTs
Set NDT min 0 1 0 0 1 Min no. of DTs
Set NT (S i)  min 0 1 0 1 0 Min no. of Si panels
Set NT (S2) min 0 1 0 1 1 Min no. of S2 panels
DT TDC 
AUTOTRIM
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
ADC Calib. 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
DT TDC Calib. 0 0 1 1 0 0 0 0 0 0 0 0 No. of frames
Read qVt 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0
PCM  Command 0 0 0 0 AUX2 AUX1 MAIN
2.11 The Flight Computer Software
T he control and  m on ito r ing  of th e  SMILI experim en t was perform ed by  the  
software, located  in  th e  E P R O M  chip in one of the  Kinetic  Systems 3824 m odules, 
and  w ri t ten  in th e  assembly language of the  LSI-11 co m p u te r  originally by  Bing 
Zhou from B oston  U niversity  for th e  P B A R  experim ent.  T h e  code was fu r the r  
modified and  debugged for th e  SMILI experim en t  by  Shawn M cKee from University  
of M ichigan (M cKee 1991) and  Dave Ficenec from W ash ing ton  University.
T h e  control of the  d a ta  acquisition crates was accom plished str ic t ly  in 
polling m ode as follows:
- tes t  th e  t im e-ou t loop coun te r  w he ther it exceeds the  preset limit; if so, clear all
C A M A C  m odules in c ra te  # 3  besides qV t m odule , enable th e  LeCroy 2280 
A D C  System  Processor, and  reset th e  V E T O  in p u t  on th e  Phillips 755 Coin­
cidence Unit;
- tes t  th e  K inetic  System  3063 In p u t  G a te /O u tp u t  Register (Look-At-M e) line,
w he the r  any uplink com m and  was sent; if so, execute this com m and;
- te s t  th e  scaler 2551 channel # 0  (SM ILI clock) w he the r  its 13th bit  is set, which
is equivalent to  ap p rox im a te ly  8192 SMILI clock ticks; if th is  b it  is set read  the  
housekeeping d a ta  in to  th e  buffer and  transfer  to  th e  P C M  encoder which has 
enough available space, o therw ise  tes t  the  LeCroy 2280 A D C  System  Processor 
Look-A t-M e line for a trigger;
- tes t  th e  coun ter  which counts  the  n u m b e r  of housekeeping frames since th e  last
A D C  and  qV t ca lib ra tion  event, w he the r  is equal 64; if so, read  A D C  2285 
pedesta ls  in to  th e  buffer, transfer  to  th e  P C M  encoder w ith  enough available 
space, read  th e  con ten ts  of the  qVt in to  th e  buffer, transfer  to  th e  P C M  encoder 
w ith  enough available space, and  once again read ADC 2285 pedesta ls  in to  the
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buffer and  t ransfe r  to  th e  P C M  encoder w ith  enough available space;
- te s t  th e  coun te r  which counts th e  n u m b er  of ADC and  qV t calibra tions  since th e
last  D T  T D C  ca libra tion  event, w he ther is equal 1 0 ; if so, perform  th e  D T  T D C  
ca lib ra t ion  an d  transfer  to  th e  P C M  encoder w ith  enough available space;
- te s t  th e  LeCroy 2280 A DC System  Processor Look-A t-M e line, w he the r  th e  in ­
s t ru m e n t  tr igger occurred; if so, read d a ta  from the  A D C , T O F  T D C , and  
D T  T D C  m odules located  in the  d a ta  acquisition crates,  tes t  th e  T O F  T D C  
’’h ig h ” th resho ld  readou ts  for the  num ber of T D C s  w ithou t  O V E R F L O W  and 
th e  n u m b e r  of D T s hit; set ’’bad  even t” flag, if d a ta  does no t pass th is  test;  
enable  th e  LeCroy 2280 A D C  system , remove th e  inh ib it  ga te  from th e  Phillips 
755 Coincidence U nit ,  if ’’bad  ev en t” flag is no t set th en  transfer d a ta  to  th e  
P C M  encoder w ith  enough available space.
C H A P T E R  3
PREFLIGHT CALIBRATIONS
An im p o r tan t  p a r t  of any balloon-borne ex p e r im en t is th e  preflight cali­
b ra tion  of all active com ponen ts  of th e  in s t ru m en t .  Four T O F  scintilla tors  in  th e  
configuration designed for th e  flight were exposed to  a re la tiv is t ic  20Ne b eam  to 
es t im ate  th e  a t ten u a tio n  effect of th e  light across th e  scin tilla tors  and  th e  t im ing 
resolution.
T h e  T O F  P M T  ca librations were done to  es tab lish  th e  range  of th e  linear 
response of th e  P M T s  and  th e  scintilla tors to  th e  variable in ten s i ty  of th e  laser pulse. 
All available ADC and  T D C  channels  were ca lib ra ted . T h e  T O F  d iscrim inator 
thresholds  were tu n ed  to  e lim inate  m in im um  ionizing partic les from being detec ted  
during  th e  flight.
T h e  m ain  difficulty in achieving th e  expected  t rack ing  resolution , when 
analyzing d a ta  from the  first SMILI flight, was th e  accuracy  of th e  D T  ch am b ers ’ 
positions. T h e  in itial SMILI 1 preflight D T  survey was done w ith  rulers. One 
year af te r  th e  SMILI 1 flight, th e  D T  cham ber survey was redone by  th e  Precision 
M easuring Corp. using optical theodolites  and  achieving an accu racy  of th e  order 
of 20 - 30 /xm. Since this was done well after th e  flight, th is  survey  did  no t provide 
th e  ac tu a l  locations of th e  D T  cham bers  during  th e  flight. T h ere  was a chance th a t  
th e  cham bers  could have moved due to  th e  im pac t  during  land ing  as well during 
t ra n sp o r ta t io n  from the  landing  site to  th e  lab a t  th e  U niversity  of M ichigan. Based 
on th is  experience, an accura te  D T  cham ber survey was perfo rm ed , once aga in  by 
Precision M easuring Corp., a t  th e  SMILI 2 launch  site.
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F i g u r e  3.1: SMILI T O F  system  se tup  during  11/88 calibration  run.
3.1 Accelerator Calibration of TOF System
T w o of th e  T O F  scintilla tors, in th e  configuration used la te r  in th e  flight, 
were exposed to  th e  660 M eV /nuc leon  2(,Ne beam  a t  th e  LBL Bevalac in A ugust 
and  N ovem ber 1988. T h e  calibration  se tu p  is shown in Fig. 3.1.
T h e  scintilla tors labelled S M I,  SM2, SM3 were m ad e  of BC408, while 
sc in tilla tor SM5 was Pilot U m ater ia l  m ad e  by Nuclear Enterprises .  T h e  S M I and  
SM5 panels were w rapped  in a lum inium  foil, while SM2 and  SM3 were w rapped  in 
black pap e r .  T h e  signal from the  small S i  scin tilla tor provided th e  s ta r t  pulse for 
all T im e-to -D ig ita l  C onverter  (T D C ) channels th rough  a LeCroy 821 D iscrim inator.  
T h e  S T O P  signals to  th e  T D C  channels cam e, th rough  th e  d iscrim inators ,  from  th e  
anodes of P M T s  collecting light from th e  S M I,  SM2, SM3, and SM5 scintillators.
T h e  whole se tup  could be moved on a rail perpend icu lar  to  th e  beam  in 
b o th  horizonta l  and  vertical directions, and  th e  Ne b eam  ir rad ia ted  th e  scintillators
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a t  positions sep a ra ted  by 5 cm. D a ta  from the  experim ent were collected by M U LTI 
D a ta  A cquisition System  which transferred  d a ta  from th e  C A M A C  m odules to  the  
P D P -1 1 /7 3  co m p u te r  and  recorded d a ta  on 9-track m agnetic  tap e  a t 3200 bpi. 
A fterw ards, th e  conten ts  of th e  18 original tapes  were copied at LSU onto  3 tapes  
a t  6250 bpi.
T h e  a t ten u a tio n  coefficients for each scin tilla tor were ob ta ined  using d a ta  
from  runs in which the  scintilla tors were exposed to  th e  pu re  Ne beam . Figs. 3.2 -
3.5 show th e  a t ten u a tio n  effect in the  m iddle of the  se tup  and  for different positions 
along th e  scintilla tors. T h e  direction of the  Y  - axis was along the  m a in  axis of the  
sc in tilla tor panel and  was poin ting  from side A to  side B. Low response from th e  
SM 3A P M T  (Fig. 3.4) is due to  the  P M T  base which stopped  working properly  in 
th e  m iddle  of th e  ca libration  runs.
T h e  p rim ary  goal of T O F  system ca libration  a t LBL was to  establish  the  
expected  t im ing  resolution in the  flight d a ta ,  nam ely  its pulse-height dependence. 
Fig. 3.6 d em ons tra te s  this effect. A photo-m ultip lier  pulse is modelled by a  function 
(B raunschweig  et al. 1976)
V =  Vo ■ ( /  )2 • exp( —2 • ( /  — 1)) (3.1)
Ij- Ip
w here Vo is th e  pulse am p li tu d e  and  t r is th e  pulse rise t im e from V =  0 a t t  =  0 
to  V =  Vy at t =  t r . In this case t r =  1.3 ns. T he  discrim inator is sensitive to  the  
n ega tive  in p u t  pulse coming from th e  P M T  and it generates a logic pulse whenever 
th e  in p u t  pulse exceeds the  preset,  constan t th reshold  voltage. Due to  th e  different 
shape  of the  small and  th e  large inpu t  pulses, the d iscrim inator generates th e  o u tp u t  
pulse a t different abso lu te  t im e in the  two cases. This  results in a t im ing  difference
59
1 0 0 0








< 6 0 0
4 0 0
0 20 4 0 60 80 100
Y ( cm )
F i g u r e  3.2: A tten u a tio n  of th e  neon pulse in the  S M I, BC408, scintilla tor w rapped  
in a lum in ium  foil.
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F i g u r e  3.3: A ttenua tion  of th e  neon pulse in th e  SM2, BC408, scin tilla tor w rapped  
in black paper.
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F i g u r e  3.4: A tten u a tio n  of th e  neon pulse in th e  SM3, BC408, scin tilla tor w rapped  
in black paper.
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F i g u r e  3.5: A tten u a tio n  of th e  neon pulse in the  SM5, Pilot U, scin tilla tor w rapped  
in alum in ium  foil.
61
- 0.1 T im e-w a lk  




- 0 . 4
- 0 . 5
0 21 3 4 5 6
Tim e  (ns)
F i g u r e  3.6: Pulse Height tim ing dependence .
betw een  partic les  producing  small pulses and large pulses in scintilla tors which is 
called a time-walk.
D a ta  from two ca libration  runs m ad e  with  a C H 2 ta rg e t  p laced in front of 
th e  S i  scin tilla tor was used to  de te rm ine  a pulse dependen t  tim ing  resolution. In 
these two runs, th e  Ne beam  was ir rad ia t ing  the  cen ter  of th e  calibration  se tup . T h e  
in terac t ions  of th e  Ne beam  partic les  w ith  the  ta rg e t  nuclei p roduced  lighter frag­
m en ts  and  th e  S i ,  S M I,  SM 2 , SM3, and  SM5 scintillators de tec ted  these  fragm ents 
d ow nstream . In order to  o b ta in  a  clear pulse-height dependence  of th e  tim ing  reso­
lu tion ,  each charge betw een neon and  carbon was ex trac ted  by requiring th e  A DC 
readou ts  to  be within specific limits for S i ,  SM I, SM 2 , and  SM5. This tes t  is equiv­
alent to  th e  requ irem en t th a t  the  partic le  of the  beam  or th e  partic le  p roduced  in 
th e  ta rg e t  did not in te rac t  in any scin tilla tor dow nstream  (a  charge consistency). 
T h e  single P M T  tim ing  resolution was es t im ated  for SM I and  SM2 scintilla tors as 
th e  s ta n d a rd  deviation of th e  d is tribu tion :
- 1 0  0 10 20 - 1 0  0 10 20 
TDC c o u n t s  TDC c o u n t s
F i g u r e  3.7: T h e  single P M T  tim ing resolution for neon before and after applying 
th e  tim e-w alk  correction.
A T O F  =  ~ ( T O F a -  T O F b )
w here  T O F A and  T O F B is th e  t im ing difference betw een scintilla tors SM 2 and  SM I 
respectively  on side A and  side B. Figs. 3.7 - 3.11 show th e  single P M T  timing 
resolution before and  af te r  applying a  time-walk correction of form ^ r ,  where Q is 
th e  in teg ra ted  charge from A D C , for five charges. It  is obvious, th a t  th e  higher the  
pulse, which is p ropor tional  to  Z2//32, the  b e t te r  is th e  tim ing  resolution, and  the  
applied  t ime-walk correction has th e  largest effect on th e  tim ing  resolution a t  low 
pulses.
3.2 Survey of DT chambers
Before the  second flight of the  SMILI in s t ru m en t ,  the  drift cham bers  and 
th e  m ag n e t  were surveyed by Precision M easuring Corp. at th e  launch  site in Lynn 
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F i g u r e  3.8: T h e  single P M T  tim ing  resolution for flourine before and  af te r  applying 
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F i g u r e  3.9: T h e  single P M T  tim ing  resolution for oxygen before and  after applying 
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F i g u r e  3.10: T h e  single P M T  tim ing  resolution for n itrogen  before and  after 
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F i g u r e  3.11: T h e  single P M T  tim ing  resolution for carbon before and  af te r  app ly ­
ing th e  time-walk correction.
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of th e  D T  ch am b er  endp la te s  and  on th e  m agnet w ith  an accuracy of 20 - 30 f im.  
Five ou t  of a to ta l  of 16 endp la te s  had  only two ta rg e ts ,  four m ore  endp la te s  had  
th ree  ta rg e ts ,  and  seven endp la tes  had  four ta rge ts .
T h e  origin of th e  SM ILI 2 coord ina te  system  for X and  Y  coordinates was 
d e te rm ined  by fitt ing  a circle to four ta rge ts  located  outside th e  m agnet a t  equal 
height from th e  four m o u n t in g  pads of th e  m agnet .  T h e  origin of X and  Y  was la te r  
t ra n s la te d  to  th e  cen te r  of th e  m agnet.  T h e  origin of Z - coord ina te  was inferred by 
fit t ing  a p lane  to  th e  ta rge ts  located  on th e  four m oun ting  pads  of the  m agne t ,  and 
t ran s la t in g  th e  derived Z - coord ina te  by 38.1 cm. Table 3.1 presents  th e  ta rge t  
locations as de term ined  by th e  survey. After the  flight, we used th e  survey results 
and  b lueprin ts  of th e  D T  cham bers  to  de term ine  the  overall accuracy of th e  survey 
and  th e  craf tsm ansh ip  as well as positions of b o th  ends of every wire. T h e  accuracy 
of th e  craf tsm ansh ip  according to  the  b lueprin ts  had  to  be be tw een  0.0005 to  0.002” 
i.e. 12.7 to  51 f i m .
T h e  dot p ro d u c ts  of two vectors m ad e  by th e  ta rg e ts ,  located  on th e  same 
en d p la te ,  showed th a t  these  vectors were parallel or norm al to  w ithin 2 a  where 
th e  s ta n d a rd  devia tion  was determ ined  by p ropagating  survey uncerta in ties .  T he 
leng ths  of two parallel vectors formed by ta rge ts  on th e  same en d p la te  was w ith in  1 — 
2 a ,  b u t  they  differed in m an y  cases from th e  d istances inferred from th e  b lueprin ts ,  
a t  th e  m ost,  by 150 f i m .
T h e  dot p ro d u c t  of two vectors m ade  by ta rge ts  on different endp la tes  from 
th e  sam e D T  cham ber no t equal zero or one ind icated  th a t  e i ther endp la te s  were 
not perfectly  flat or were tw isted . T he  distances betw een corresponding tw o ta rge ts  
on paralle l endp la tes  differed a t the  m ost by 200 f i m  which was of th e  order of 5c.
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T a b l e  3.1: Results of D T survey. Labels w ith  as terisk  m eans th a t  th is  ta rge t  
location  was deduced. T h e  first digit in th e  label ind icates  th e  D T  cham ber,  the  
le t te r  ind icates  th e  endp la te  position  re la tive to  th e  m agne tic  field, th e  second digit 
ind icates  th e  ta rg e t  location on the  en d p la te  s ta r t in g  from  th e  u p p e r  left corner and 
continu ing  clockwise.
Targe t label X - coord ina te  
(cm)
Y - coord ina te  
(cm)
Z - coord ina te  
(cm)
1E_1 -51.474 ± 0 .0 0 2 -50.785 ± 0 .002 93.863 ± 0 .0 0 2
1E_3 29.830 ± 0.003 -51.694 ± 0.003 83.743 ± 0 .002
1E.4 -51.459 ± 0 .0 0 2 -50.780 ± 0 .002 83.621 ± 0 .0 0 2
1N_2 38.585 ± 0.003 44.751 ± 0.003 94.041 ± 0 .002
1N_3 38.619 ± 0.003 44.763 ± 0.003 83.801 ± 0 .002
1N_4 37.533 ± 0.003 -46.684 ± 0 .002 83.771 ± 0 .002
1S.1 -56.683 ± 0 .002 45.825 ± 0 .002 93.941 ± 0 .002
1S_2 -57.777 ± 0 .002 -45.624 ± 0 .002 93.861 ± 0 .002
1S.3 -57.763 ± 0 .0 0 2 -45.615 ± 0 .002 83.618 ± 0 .002
1S_4 -56.678 ± 0 .002 45.834 ± 0 .002 83.694 ± 0 .002
*1W_1 31.072 ± 0.005 51.213 ± 0.005 94.019 ± 0.005
1W.3 -50.220 ± 0 .002 52.117 ± 0.003 83.704 i 0 .002
1W_4 31.078 ± 0.003 51.218 ± 0.003 83.777 ± 0 .002
2E_1 -42.263 ± 0 .002 -39.500 ± 0.003 66.059 ± 0 .002
2E_2 28.868 ± 0 .0 0 2 -40.399 ± 0.003 65.998 ± 0 .002
2E.3 28.855 ± 0 .002 -40.405 ± 0.003 55.752 ± 0 .002
2E_4 -42.270 ± 0 .0 0 2 -39.495 ± 0.003 55.816 ± 0 .002
2N_1 34.015 ± 0.003 -35.388 ± 0.003 65.985 ± 0 .0 0 2
2N.2 34.780 ± 0.003 25.579 ± 0.003 65.954 ± 0 .0 0 2
2N.3 34.768 ± 0.003 25.575 ± 0.003 55.715 ± 0 .0 0 2
2N_4 34.003 ± 0.003 -35.395 ± 0.003 55.744 ± 0 .002
2S_1 -45.253 ± 0.003 26.593 ± 0.004 6 6 .101 ± 0 .002
2S_2 -46.005 ± 0 .002 -34.373 ± 0.004 66.069 ± 0 .002
2S.3 -46.028 ± 0 .002 -34.366 ± 0.004 55.825 ± 0 .002
2W_2 -41.258 ± 0 .002 40.524 ± 0.003 66.090 ± 0 .002
2W_3 -41.275 ± 0 .002 40.529 ± 0.003 55.851 ± 0 .002
2W .4 29.856 ± 0 .002 39.624 ± 0.003 55.720 ± 0 .002
( tab le  con’d.)
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T a b l e  3.1: con tinued
T arget label X - coord ina te  
(cm)
Y - coord ina te  
(cm)
Z - coord ina te  
(cm)
*3E_1 -26.204 ± 0.005 -40.094 ± 0.005 -40.871 ± 0.005
3E_3 34.758 ± 0.004 -40.045 ± 0.003 -51.132 ± 0 .002
3E_4 -26.209 ± 0.004 -40.091 ± 0.003 -51.110 ± 0 .002
*3N_1 39.844 ± 0.005 -34.951 ± 0.005 -40.893 ± 0.005
3N_3 39.960 ± 0 .002 36.184 ± 0.003 -51.115 ± 0 .0 0 2
3N_4 39.841 ± 0 .002 -34.946 ± 0.003 -51.134 ± 0 .002
*3S_1 -40.065 ± 0.005 36.105 ± 0.005 -40.901 ± 0.005
3S_3 -40.179 ± 0 .002 -35.037 ± 0 .002 -51.105 ± 0 .001
3S_4 -40.056 ± 0 .002 36.100 ± 0.003 -51.146 ± 0 .001
*3W_1 34.869 ± 0.005 39.997 ± 0.005 -40.870 ± 0.005
3W_3 -26.097 ± 0 .002 39.938 ± 0.003 -51.152 ± 0 .002
3W_4 34.873 ± 0 .002 39.988 ± 0.003 -51.113 ± 0 .002
4E.1 -36.206 ± 0 .002 -51.295 ± 0 .002 -66.670 ± 0 .001
4E_2 34.914 ± 0 .002 -51.256 ± 0 .002 -66.684 ± 0 .001
4E.3 34.919 ± 0 .002 -51.254 ± 0 .002 -76.925 ± 0 .001
4E_4 -36.212 ± 0 .002 -51.290 ± 0 .002 -76.912 ± 0 .001
4N_1 39.993 ± 0 .002 -44.888 ± 0.003 -66.700 ± 0 .002
4N_2 40.033 ± 0 .002 46.557 ± 0.003 -66.664 ± 0 .0 0 2
4N_3 40.031 ± 0 .002 46.561 ± 0.003 -76.903 ± 0 .0 0 2
4N_4 39.993 ± 0 .002 -44.875 ± 0.003 -76.946 ± 0 .002
4S_1 -39.993 ± 0 .002 46.510 ± 0.003 -66.694 ± 0 .001
4S_2 -40.019 ± 0 .002 -44.940 ± 0 .002 -66 .668 ± 0 .001
4S_3 -40.019 ± 0 .002 -44.948 ± 0 .002 •76.909 ± 0 .001
4S_4 -39.982 ± 0 .002 46.508 ± 0.003 -76.935 ± 0 .002
4W_1 34.936 ± 0 .002 51.657 ± 0.003 -66.657 ± 0 .002
4W_2 -36.192 ± 0 .002 51.613 ± 0.003 -66.696 ± 0 .0 0 2
4W_3 -36.189 ± 0 .002 51.613 ± 0.003 -76.940 ± 0 .0 0 2
4W_4 34.944 ± 0 .002 51.653 ± 0.003 -76.900 ± 0 .002
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T h e  p ro p ag a tio n  of one ta rge t  location from one en d p la te  in to  th e  location 
of an o th e r ,  closest ta rg e t  on th e  perpend icu lar  endp la te ,  using in fo rm ation  from  th e  
b luep rin ts ,  p ro duced  a location which differed from th e  survey location by  50 to  
330 f i m .  T h is  could be due to  the  thickness of endp la tes ,  which was no t exactly  
1.27 cm.
For endp la te s  with  four ta rge ts ,  a plane was determ ined  using any  3 points 
and  th e  d is tance  of closest approach  between this plane and  th e  fo u r th  po in t was 
calculated . In th e  worst case, this d istance was 110 f i m  which ind ica ted  th a t  th e  
endp la tes  were no t flat or the ir  thickness varied slightly.
For endp la te s  w ith  th ree  or four ta rg e ts ,  the  equa tion  of a  p lane was used 
to  d e te rm in e  th e  norm al vector. T h e  norm alized dot p roduc ts  of two norm al vectors 
corresponding  to  paralle l or norm al endp la tes  belonging to  th e  sam e D T  cham ber 
differed at th e  m ost by 10cr from 0 or 1, respectively. This  m eans th a t  a  point 
located  on one en d p la te  an d  p ro jec ted  to  the  parallel en d p la te  could be  off its 
ac tua l  location by 2 0 0 0  f im.
For D T  cham bers  # 1 ,  # 2 ,  and  # 4 ,  which had  ta rge ts  a t  th e  top  an d  a t 
the  b o t to m  of the ir  endp la tes ,  one plane was fitted  to  th e  ta rge ts  a t th e  b o t to m  of 
all four endp la tes ;  and  nex t th e  same plane was fitted to  th e  ta rge ts  a t  th e  top  of 
all four en d p la te s  by moving it upw ards until  the  to ta l  deviation  betw een th is  plane 
and  the  top  ta rg e ts  was sm allest.  T he  distance between top ta rge ts  and  this fit ted  
plane varied betw een  50 - 200 f im.
In it ia l  positions of D T  wire ends were de term ined , as they  were a t  planes 
m ade  by th e  survey  ta rge ts ,  using vectors between ta rge ts  and  in fo rm ation  from  the  
b lueprin ts  of D T  cham bers ,  nam ely  the  d istances betw een pin holes holding ta rge ts  
and  th e  o u te rm o s t  D Ts. For the  endplates  w ith  four ta rg e ts ,  a p lane was f i t ted  by
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m inim izing th e  to ta l  deviation between a fit ted  plane and  th e  ac tu a l  position  of four 
ta rg e ts ,  and  a set of new ta rg e t  locations was de term ined  by  p ro jec t ing  locations 
from  th e  survey on to  a fit ted  plane. For rest of th e  endp la tes ,  th e  corresponding 
p lane  was derived from locations of th ree  targe ts .
In  order to  derive th e  location of the  ends of all four o u te rm o s t  D T  wires 
on each en d p la te ,  th e  location of the  targe t closest to  th e  drift tu b e  in  question  was 
t ran s la te d  by th e  d is tance betw een  the  ta rge t  and  th e  o u te rm o st  D T  wire end  along 
two ’’n o rm a l” vectors  connecting this ta rge t  w ith  th e  tw o closest ta rg e ts  on the  
sam e endp la te .  N ex t,  all locations of the  ends of o u te rm o st  D T  wires were moved 
by  2.54 cm in th e  d irection ind icated  by the  vec tor norm al to  th e  ta rg e t  p lane  to  
correct for th e  0.5” ta rg e t  offset and 0.5” of the  en d p la te  th ickness. T h e  locations 
of th e  two o u te rm o st  D T  wire ends in each D T  plane were used to  de te rm ine  th e  
location of th e  end  of each D T  wire in th is  plane including errors o b ta in ed  by 
p ro p ag a tin g  survey uncerta in ties .
T h e  locations of th e  ends of the ou te rm ost  D T  wires in each p lane  ac­
cording to  th e  ’91 survey were com pared with  the  locations of th e  sam e D T  wires 
used a t  th a t  t im e in the  SMILI 1 analysis and  these locations differed by  270 up  to  
900 f i m  depend ing  on the  D T  plane.
3.3 TOF PM T Calibrations
A fter a four day tr ip  from A nn A rbor, M ichigan to  L ynn Lake, M an ito b a ,  
the  first ta sk  was to  check how well the  scintillators survive th is  tr ip  being located  in 
th e  in s t ru m en t .  T h e  LED on one reducer was fired by a pulse g en e ra to r  and  th e  pulse 
from th e  P M T  on th e  opposite  side of the panel was observed on th e  oscilloscope. 
No jo in t  showed any  sign of dam age. A fterw ards, all T O F  panels h ad  to  be rem oved 
from  th e  in s t ru m en t  to  m ake  possible the  survey of th e  drift tu b e  cham bers .
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W h en  all T O F  panels were outside th e  in s t ru m en t ,  we were able to  tak e  
gain curves. T h e  LED  nex t  to  th e  P M T  was pulsed by the  pulse gene ra to r  at 
a  co n s tan t  am p li tu d e  and  th e  high voltage applied to  th e  P M T  was varied from 
1800V down to 1450V. Initially, only the  pulse from  th e  P M T  anode were observed 
using a  LeCroy 3001 qV t C A M A C  m odule  and th e  analog scope as a M ult i-C hannel 
A nalyzer,  b u t  la te r  for a few P M T s ,  bo th  the  am p li tu d e  of the  anode pulse and  th e  
am p li tu d e  of th e  P M T  12th dynode pulse, as they  were d isplayed on the  scope, were 
recorded. T h e  d a ta  points  were th en  fitted  to  the  power law A D C  counts  =  a • V b 
w here  a  and  b are free p a ram ete rs .  T he  results of the  fit are given in Table 3.2. Tw o 
values of th e  power / b /  are given for each P M T . T h e  gain power in the  four th  column 
is for d a ta  points  for which th e  qV t pedesta l was not su b trac te d  and  th e  gain power 
in  th e  fifth column is for d a ta  points for which th e  qV t pedesta l  was su b trac ted .  
For a  few P M T s  for which we recorded bo th  anode and  dynode am pli tude ,  the  
d a ta  po in ts  followed a  s tra igh t line on a plot of dynode  am pli tude  versus anode 
am pli tude .
T h e  linear range for th e  com bination  of th e  P M T  and  th e  scintilla tor was 
d e term ined  by feeding the  laser pulses th rough  an a t te n u a to r ,  which was linear 
for th e  range  of settings betw een  2.5 and 5.0, and  th en  th ro u g h  th e  fiber optics 
in to  th e  scintilla tor . T h e  am p li tu d e  of the  P M T  anode pulse was recorded a t 10 
different a t te n u a to r  settings and  for two different high voltage values for each P M T  
(Fig. 3.12). A plot of th e  am p li tu d e  of the  P M T  anode pulse versus th e  a t te n u a to r  
se tt ing  ind ica ted  the  u p p er  lim it for the  linear range of the  P M T . Above th is  limit, 
th e  P M T  s ta r ts  to  sa tu ra te .  This  in form ation  was used to  de term ine  th e  flight high 
voltage settings for th e  T O F  P M T s.
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T a b l e  3.2: T h e  results of the  fits to the  m easured  gain curves.




Gain Power (b) 
w ith  pedesta l
Gain Power (b) 
w ithou t  pedesta l
20013 S1E1 3 S2W 11.54 9.86
20040 S1W1 0 S1E 11.51 9.92
19968 S1E2 1 S2E 11.51 9.79
20042 S1W2 0 S lE 10.90 9.37
20075 S1E3 1 S2E 11.66 10.19
20057 S1W3 0 S lE 10.94 9.27
20034 S1E4 2 S 1W 11.46 9.63
20063 S1W 4 2 S 1W 11.50 9.84
19946 S2E1 3 S2W 11.15 9.52
20041 S2W1 2 S1W 11.23 9.55
20014 S2E2 1 S2E 11.10 9.47
19995 S2W2 0 S lE 11.29 9.67
19993 S2E3 3 S2W 10.80 9.43
20081 S2W3 2 S 1W 11.26 9.65
19984 SPA R E 10.78 9.30














E stim a ted  f.i Peak for 1580 V
0.05
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A t t e n u a t i o n  S e t t i n g
F i g u r e  3.12: T h e  response of one of T O F  P M T s  (20075) to th e  a t te n u a te d  laser 
pulses for two different HV settings.
T h e  flight high voltage settings were derived considering only relativistic 
partic les. D a ta  was acquired using the  V A X O N L IN E  (Ferm ilab D a ta  Acquisition 
Software) installed  on one of th e  worksta tions. This software package allowed m on­
itoring of collected d a ta  in graphical form. T h e  centroid of the  d is tr ibu tion  of ADC 
readou ts  p roduced  by relativistic m uons was the  reference point for each P M T . A 
relativistic par tic le  carrying charge 2 would produced  a pulse which, after th e  charge 
in teg ra tion ,  would be 4 times larger than  for single charged muons according to  the 
ap p ro x im a te  form ula  Z2//32. For higher charges, the  effect would be larger and  with 
high voltages set for muons, th e  produced  pulse would fall above the  linear range 
into th e  sa tu ra t io n  region. In order to  avoid this effect, the  high voltages had  to  be 
lowered, so m uch  th a t  a Z =  2 particle would produce a charge integral the  same 
or lower th a n  th a t  for relativistic  muons. A developed program  used th e  gain curve 
in fo rm ation  for each P M T  (Table 3.2, column 5) to  ob ta in  th e  p rope r  high voltage
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for each P M T  and  average high voltage for a group of P M T s  connected  to  th e  sam e 
HV  power supply  for a  given change of the  P M T  gain.
O ne tes t  of great  im p ortance ,  which could no t be accom plished, was to  
d e te rm in e  th e  Pu lse -H eigh t-A m pli tude  dependence of th e  t im ing  betw een  any  of 
th e  top  an d  b o t to m  panels. T h e  reason for this was th e  lack of a reliable sp l i t te r  for 
th e  laser beam , so one could use th e  same laser pulse for two scin tilla tor panels. On 
th e  o th e r  h an d ,  it  is still no t certa in  how well th e  laser pulse can reproduce  th e  light 
pulse p roduced  by a charged  partic le  passing th rough  the  scintilla tor. T h e  different 
pulse shape  and  th e  different wavelength of the  laser could result  in this tes t  not 
provid ing  reliable results . This  t im ing -am pli tude  effect had  to  be de term ined  from 
th e  ac tu a l  flight da ta .
3.4 ADC and TDC Calibrations
As m en tioned  above, analog pulses coming from T O F  P M T s  were con­
verted  by LeCroy C A M A C  m odules into  digital form e ither as T D C  or A D C  read ­
outs  expressed in  term s of counts. In order to  know, accurate ly , th e  conversion 
factors from  counts  in to  e i ther  t im e or charge, each channel of T D C  and  A DC 
m odules was ca librated .
O u t  of 48 channels  on two LeCroy 2285 (15 b i t)  A DCs, 34 channels  were 
ca lib rated . T h e  rem ain ing  14 channels were no t ca libra ted  since th ey  were not 
accessible th ro u g h  th e  p a tch  panel and were not used during  th e  flight. T h e  AD C 
ca libra tions  were done w ith  th e  Phillips 7120 Precision C harge  S o u rce /T im e  In terval 
G en era to r  and  using a  p rog ram  w rit ten  for this purpose. T h e  p rog ram  required  on 
in p u t  th e  slot n u m b er  of th e  A DC m odule and  th e  A DC channel n u m b er .  T he  
p rim ary  DAC (D igital-A nalog-C onverter) (16 b i t)  of the  Phillips 7120 was used to  
g ene ra te  th e  charge pulse, while the  secondary D AC (8  b i t )  gene ra ted  th e  200 ns
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gate . T h e  range on th e  Phillips 7120 was set a t 0 - 600 pC and  was covered in  200 
steps i.e. th e  inc rem en t was 327 AD C counts . In each step  50 charge pulses were 
fired in to  p roper A DC channel.  T h e  p rogram  read each AD C value and  calculated  
th e  average of 50 readou ts  for each step. T h e  ADC ca libration  d a t a  was sent from 
th e  te rm ina l  connected  to  th e  flight co m p u te r  in to  th e  w orks ta tion  and  copied onto  
th e  disk. After th e  flight, th is  ca libra tion  d a ta  was used to  o b ta in  th e  rela tion 
betw een  A D C  counts  and  th e  in teg ra ted  charge of th e  pulse assum ing  t h a t  bo th  
Phillips 7120 and  2285 A D C  were linear a t th e  ca libra ted  range and  th e  Phillips 
600 pC range corresponded  to  65,536 counts. T h e  results of the A D C  ca libration  of 
th e  available channels  are given in Table 3.3 and A ppendix  A con tains  plots of the  
A D C  calibra tions  of 14 channels  used by the  T O F  system .
T h e  LeCroy 2228A T D C  m odules were ca lib ra ted  in  tw o ways. F irs t  
m e th o d  used th e  sam e Phillips 7120 Precision C harge  S o u rce /T im e  In terva l G en­
era to r ,  assum ing known conversion factor betw een Phillips counts  and  tim e, and 
a p rog ram  which controlled collection of ca libration d a ta .  For each tim e interval 
100 pulses were fed in to  all 8 channels of a T D C  m odule  and  th e  m ean  value and 
th e  s ta n d a rd  deviation of T D C  readou ts  were calculated . T h e  t im e  in tervals  of the  
in p u t  pulses were in c rem en ted  by 21 counts  and  200  different t im e in terva ls  were 
g enera ted .  A t this s tage, th e  open  question  was the  t im e ca lib ra tion  of th e  Phillips 
7120, which was not known very well.
T h e  T D C  ca lib ra tion  was redone using a pulser and  ca lib ra ted  cable delays. 
Using th is  m eth o d ,  it was possible to de te rm ine  t im e /c o u n t  conversion factors for 
th e  Phillips 7120 which was 0.018307 ±  0.000077 n s /c o u n t  for a 512 ns full scale 
se tt ing  and  0.34126 ±  0.000375 n s /c o u n t  for th e  10 /rs scale se tt ing . T h e  final 
results of T D C  ca libra tions are shown in Table 3.4 and  A ppend ix  A presents  the
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T able 3.3: The results of ADC calibrations.
C hannel In te rcep t
(PC)
Slope
(p C /c o u n t)
P M T  Label
1 -51.9018 ± 0.0007 0.0330279 ± 0.00000009 CK 1
2 -47.1992 ± 0 .0010 0.0325118 ± 0 .0 0 0 0 0 0 1 1 CK 2
3 -46.3132 ± 0.0006 0.0324443 ± 0.00000008 CK 3
4 -48.2836 ± 0.0006 0.0337021 ± 0.00000007 CK 4
5 -50.9761 ± 0.0006 0.0322675 ± 0.00000008 CK 5
6 -52.2217 ± 0.0007 0.0334697 j- 0.00000008 CK 6
7 -49.0278 ± 0.0009 0.0335896 + 0 .0 0 0 0 0 0 1 0 S3 1
8 -50.3274 ± 0 .0010 0.0333826 ± 0 .0 0 0 0 0 0 1 2 S3 2
9 -51.3842 ± 0 .0 0 1 0 0.0330498 ± 0 .0 0 0 0 0 0 1 1 S3 3
10 -51.4203 ± 0.0009 0.0330228 ± 0 .0 0 0 0 0 0 1 1 S3 4
11 -51.4067 ± 0.0008 0.0333436 ± 0 .0 0 0 0 0 0 1 0 S3 5
12 -50.2301 ± 0.0009 0.0332872 ± 0 .0 0 0 0 0 0 1 1 S3 6
13 -51.8772 ± 0.0006 0.0330641 ± 0.00000008 S3 7
14 -49.7436 ± 0.0008 0.0327114 ± 0 .0 0 0 0 0 0 1 0 S3 8
15 -51.2254 ± 0.0008 0.0337782 ± 0 .0 0 0 0 0 0 1 1 not used
19 -51.0431 ± 0 .0011 0.0333922 ± 0 .0 0 0 0 0 0 1 2 not used
20 -49.6471 ± 0.0013 0.0350308 4 - 0.00000016 not used
21 -50.1828 ± 0.0007 0.0332992 ± 0.00000009 not used
33 -48.2951 ± 0.0007 0.0316069 ± 0.00000008 not used
34 -48.9395 ± 0.0007 0.0309119 ± 0.00000008 not used
35 -45.0390 ± 0.0005 0.0342473 ± 0.00000007 T O F  P M T 1
36 -47.9616 ± 0.0005 0.0306057 ± 0.00000006 T O F  P M T 2
37 -47.2648 ± 0.0006 0.0328379 ± 0.00000007 T O F  P M T 3
38 -49.9890 ± 0.0005 0.0328037 ± 0.00000006 T O F  P M T 4
39 -49.1019 ± 0.0005 0.0316584 ± 0.00000006 T O F  P M T 5
40 -49.5070 ± 0.0005 0.0318024 ± 0.00000006 T O F  P M T 6
41 -48.5330 ± 0.0005 0.0306862 ± 0.00000005 T O F  P M T 7
42 -48.5698 ± 0.0005 0.0318974 ± 0.00000006 T O F  P M T 8
43 -45.3059 ± 0.0007 0.0326545 ± 0 .0 0 0 0 0 0 1 0 T O F  P M T 9
44 -47.4862 ± 0.0008 0.0325784 ± 0.00000009 T O F  P M T 10
45 -50.1353 ± 0.0008 0.0310149 ± 0 .0 0 0 0 0 0 1 0 T O F  P M T  11
46 -48.3807 ± 0.0008 0.0326678 ± 0 .0 0 0 0 0 0 1 0 T O F  P M T  12
47 -48.0275 ± 0,0007 0.0321785 ± 0.00000008 T O F  P M T  13
48 -50.7618 ± 0.0007 0.0298920 ± 0.00000008 T O F  P M T  14
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T a b le  3.4: The results of TDC calibrations.
Slot C hannel In tercep t
(ns)
Slope
(n s /co u n t)
P M T  Discrim.
7 0 -41.052 ± 0.075435 0.049411 ± 0.000078 S l l E  high thr.
7 1 -41.300 ± 0.075261 0.049346 ± 0.000077 S l l W  high thr.
7 2 -41.045 ± 0.075485 0.049094 ± 0.000077 S12E high th r .
7 3 -41.024 ± 0.075650 0.049084 ± 0.000077 S 12W  high th r .
7 4 -40.848 0.074947 0.048897 ± 0.000077 S13E high th r .
7 5 -41.061 ± 0.073766 0.048646 -j- 0.000075 S13W high th r.
7 6 -40.933 ± 0.073760 0.049049 ± 0.000075 S14E high th r .
7 7 -40.934 ± 0.074168 0.049267 ± 0.000076 S14W high th r .
8 0 -40.192 ± 0.071466 0.048653 ± 0.000073 S21E high th r .
8 1 -39.801 ± 0.071811 0.048719 ± 0.000073 S21W  high th r .
8 2 -39.749 ± 0.072339 0.048920 ± 0.000075 S22E high th r .
8 3 -40.356 ± 0.071507 0.048921 ± 0.000073 S22W high th r .
8 4 -40.397 4 - 0.072024 0.048584 ± 0.000073 S23E high thr.
8 5 -40.308 4 - 0.072912 0.048892 ± 0.000074 S23W high thr .
8 6 -40.306 ± 0.071844 0.048816 ± 0.000073 S l l E  low th r .
8 7 -40.085 m 0.072018 0.048659 ± 0.000073 S l l W  low th r.
9 0 -41.034 ± 0.091601 0.046563 ± 0.000093 S12E low thr.
9 1 -41.108 ± 0.090792 0.046825 ± 0.000093 S12W low th r.
9 2 -40.699 ± 0.119198 0.046719 ± 0.000126 S13E low th r .
9 3 -41.727 ± 0.123539 0.047229 ± 0.000130 S13W low th r .
9 4 -41.272 ± 0.092282 0.047088 ± 0.000094 S14E low thr.
9 5 -40.867 ± 0.092187 0.046706 ± 0.000094 S14W  low thr.
9 6 -41.505 ± 0.094086 0.046825 ± 0.000096 S21E low thr.
9 7 -40.322 ± 0.091502 0.046846 ± 0.000095 S21W low th r.
10 0 -40.241 ± 0.071968 0.049728 ± 0.000077 S22E low th r .
10 1 -40.642 ± 0.072929 0.050136 ± 0.000078 S22W low th r.
10 2 -40.258 ± 0.071838 0.050023 ± 0.000077 S23E low thr.
10 3 -40.316 ± 0.073104 0.050078 ± 0.000078 S23W low th r .
10 4 -40.540 ± 0.073082 0.049541 ± 0.000077
10 5 -40.558 ± 0.072568 0.050233 ± 0.000078
10 6 -40.325 ± 0.072381 0.048708 ± 0.000075
10 7 -39.999 ± 0.071219 0.049890 ± 0.000077
(tab le  con’d.)
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T a b l e  3.4: continued
Slot C hannel In te rcep t
(ns)
Slope
(n s /co u n t)
P M T  Discrim.
11 0 -622.6 ±  2.99 0.494 ±  0.01822
11 1 -622.8 ±  3.04 0.503 ±  0.01860
11 2 -621.6 ±  1.49 0.495 ±  0.01710
11 3 -622.2 ±  2.57 0.491 ±  0.01780
11 4 -623.9 ±  2.16 0.504 ±  0.01790
11 5 -623.0 ±  2.81 0.507 ±  0.01854
11 6 -623.0 ±  1.83 0.497 ±  0.01740
11 7 -621.0 ±  2.52 0.497 ±  0.01802
19 0 -40.229 ±  0.094 0.046510 ±  0.000097
19 1 -40.498 ±  0.094 0.046493 ±  0.000097
19 2 -40.165 ±  0.094 0.046474 ±  0.000098
19 3 -40.292 ±  0.095 0.046603 ±  0.000099
19 4 -40.237 ±  0.095 0.046822 ±  0.000099
19 5 -40.426 ±  0.096 0.046857 ±  0.000100
19 6 -40.253 ±  0.095 0.046799 ±  0.000099
19 7 -40.335 ±  0.095 0.046889 ±  0.000100
20 0 -40.329 ±  0.076 0.052298 ±  0.000084
20 1 -40.323 ±  0.076 0.053024 ±  0.000086
20 2 -40.302 ±  0.075 0.053478 ±  0.000085
20 3 -39.988 ±  0.075 0.052030 ±  0.000083
20 4 -40.261 ±  0.075 0.052968 ±  0.000084
20 5 -40.050 ±  0.076 0.052665 ±  0.000086
20 6 -39.893 ±  0.075 0.053164 ±  0.000085
20 7 -40.148 ±  0.076 0.053466 ±  0.000087
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results of the  T D C  ca libra tion  of 28 channels which were used by the  T O F  system  
in g raphical  form.
3.5 Trigger Threshold and HV Settings
T h e  SMILI 1 logic se tup  required pulses from bo th  P M T s  on one SI and  
one S2 scintilla tor to  form a trigger. D uring the  flight, if one P M T  becam e ineffi­
cient, th e  whole T O F  panel becam e less efficient.
In th e  case of SMILI 2, the  trigger was formed by requiring  only 3 P M T s  
to  fire. T he  pulses which formed a trigger were coming from P M T s  dynodes, while 
th e  t im ing  was m easured  using pulses from P M T s  anodes. T h e  pu rpose  of having a 
trigger formed only by th ree  P M T  pulses was to  assure th a t  in a  case when one of 
th e  P M T s  stops working during  the  flight this T O F  panel would not be  completely 
shu t off.
T h e  d iscrim inators  connected to P M T s  dynodes were on so called ’’h ig h ” 
th resho ld ,  which was ad jus ted  individually  for each P M T . T h e  goal was to  set th e  
d iscr im inato r  th resholds so th a t  the  d iscrim inators would p roduce  logic pulses only 
w hen a  partic le  energy deposit was twice th e  energy deposit for a m in im um  ionizing 
partic le ,  i.e. rela tiv istic  p ro ton ,  to  assure th a t  pro tons w ith  a k inetic  energy of above 
200 MeV would not trigger th e  in s t ru m en t  when the  balloon was a t  float. T h e  ’’h igh” 
th resho ld  on each d iscrim inator channel was set during preflight ca lib ration  using 
g round  level m uons. During this calibration , high voltages applied  to  th e  P M T s  
allowed m in im um  ionizing partic les to  trigger th e  in s t ru m en t .  T hese  voltages were 
called ” /r” voltages.
In order to  de term ine  th e  relations between d iscrim inato r th resho ld  se t­
tings in m V  and  ac tua l  th resholds as they are m easured  by th e  charge in teg ra ting  
A D C s in pC, h is togram s of A DC readou ts  for each T O F  A DC channel were p lo t ted
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for a m in im u m  pulse vo ltage which would trigger th e  d iscrim inato r (30 m V ). T he  
th resho lds  T jo, and  th e  centers  of the  d is tr ibu tions  p roduced  by g round  level m uons 
in  A D C  counts  were recorded. N ext,  th e  d iscrim inato r th resholds  were ad jus ted  u n ­
til th ey  s ta r ted  cu tt in g  in to  th e  d is tr ibu tions  m ade  by re la tiv is tic  m uons  (110 m V ). 
T hese  th resho lds  T no were recorded. Assuming a linear dependence betw een  dis­
c r im ina to r  th resho lds  in m V  and  A DC readou ts  in counts ,  bo th  th e  slope and  the  
in te rcep t  were calcu la ted  for each T O F  AD C channel according to  th e  formula:
1 1 0 - 3 0  
slope =  — -------- ——-
( T n o  — T;jij)
in te rcep t  =  slope • 30 +  T ;i0
Using th e  results of this fit, d iscrim inator voltages corresponding to the 
cen tro ids  of th e  A D C  h is tog ram s produced  by th e  m uons were es t im ated  for each 
T O F  P M T  following
Aipeak(m 'V’) =  slope ■ (ADC counts) +  in tercep t
w here  /xpeak is th e  cen tro id  of th e  d is tr ibu tion  p roduced  by g round  level m uons. 
Since th e  SM ILI in s t ru m en t  was designed to detec t particles w ith  a charge higher 
th a n  1 , th resho lds  had  to  be raised by a factor of 2 , so the  in s t ru m en t  would not 
tr igger w hen a  re la tiv istic  charge 1 par tic le  passes th rough  it ,  b u t  it would trigger 
in a case of a re la tiv istic  helium. T he  assum ption  was m ad e  th a t  th e  P M T  pulse- 
height form ed by a charge 1 partic le  is 1 /4  of th a t  formed by a charge 2 particle. 
T h e  final values of th e  ’’h ig h ” thresholds are given in Table 3.5.
Thresho lds  on all d iscrim inators  channels a t ta c h ed  to  P M T  anodes were 
set a t th e  lowest possible value (30 m V) to  m inimize th e  im pac t  of tim e-walk  on
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T ab le 3.5: The ’’high” thresholds expressed in terms of ADC counts.
P M T
No.
P ed es ta l
(counts)
fi — peak 
(counts)
Threshold  
@ 30 m V  
(counts)
Threshold  
@ 110 mV 
(counts)
slope 
(m V /c o u n t )
Threshold
(m V )
1 1745.00 2250.0 1940.0 2460.0 0.154 38.85
2 1972.50 2520.0 2160.0 2660.0 0.160 43.80
3 1822.50 2450.0 2 1 00 .0 2840.0 0.108 33.92
4 1837.50 2440.0 2040.0 2580.0 0.148 44.63
5 1856.25 2400.0 2 100 .0 2750.0 0.123 33.46
6 2037.50 2600.0 2240.0 2780.0 0.148 41.67
7 1925.00 2750.0 2150.0 2750.0 0.133 55.00
8 1870.00 2680.0 2080.0 2640.0 0.143 57.86
9 1855.00 2650.0 2080.0 2600.0 0.154 58.85
10 1892.50 2680.0 2080.0 2580.0 0.160 63.00
11 2043.75 2450.0 2250.0 2800.0 0.145 29.55
12 1790.00 2480.0 2 000 .0 2560.0 0.143 49.29
13 1912.50 2500.0 2 100 .0 2600.0 0.145 29.55
14 2172.50 2840.0 2360.0 2860.0 0.160 53.40

















1 S1E1 3 S2W 1781 2 S1W1 0 S 1E 1608
3 S1E2 1 S2E 1645 4 S1W2 0 S 1E 1608
5 S1E3 1 S2E 1645 6 S1W3 0 S1E 1608
7 S1E4 2 S1W 1728 8 S1W4 2 S1W 1728
9 S2E1 3 S2W 1781 10 S2W1 2 S1W 1728
11 S2E2 1 S2E 1645 12 S2W2 0 S 1E 1608
13 S2E3 3 S2W 1781 14 S2W3 2 S1W 1728
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th e  Tim e-of-Flight which was very significant a t  low pulse-heights, close to  the  
d iscrim inato r thresholds . T h e  o u tp u ts  from these d iscrim inators  w ent to  T D C s 
which m easured  Tim e-of-Flight.
T h e  H V sett ings  on th e  T O F  P M T s  during  th e  g round  tes t  before th e  
launch  and  th e  ascent were in  th e  fi - m ode to detec t  rela tiv istic  charge 1 partic les, 
i.e. m uons and  p ro tons  p roduced  in the  air, and cosmic ray p ro tons. T hese HV 
sett ings  (Table 3.6) were de term ined  according to th e  gain curves described in  Sec­
tion  3.3 and  the  location of th e  centroids of th e  d is tr ibu tions  p roduced  by g round 
level m uons on th e  h is tog ram s of A DC readouts .
C H A P T E R  4
THE FLIGHT  
4.1 Launch Site
For th e  first flight, th e  SMILI detec to r was launched  in P rince  A lbert,  in 
Saskatchew an , C an ad a  from th e  m etropo li tan  airport.  Due to  th e  increasing traffic 
a t  th e  P rince  A lbert  a irpo r t ,  th e  second launch  had  to  be moved to  L ynn Lake in 
M an ito b a ,  C an ad a  (Fig. 4.1). Several factors are involved in choosing th e  launch 
site for an in s t ru m en t  like SMILI, besides the  air traffic. T h e  SM ILI in s t ru m en t  was 
designed to  de tec t  light nuclei w ith  th e  kinetic energy 100 - 2000 M eV /nuc leon .  T he  
cosmic rays, before being de tec ted ,  m ust  traverse  th e  geom agnetic  field which bends 
the ir  tra jec to ries .  Due to  th is  effect, low energy partic les m igh t no t  be detec ted  
because th ey  would not reach  th e  in s tru m en t.  This  geom agnetic  effect is smallest 
a t th e  geom agnetic  poles, where the  geom agnetic  field lines are a lm ost norm al to 
th e  E a r t h ’s surface and  the  partic le  t ra jecto ries  are not d is to rted .  This  is th e  m ain  
reason w hy th e  SMILI in s t ru m en t  was launched  a t  the  high geographic la t i tude .  
T h e  vertical  geom agnetic  cutoff expressed in te rm s of rigidity  defines th e  lower 
limit for th e  rigidity of a  par tic le  which travels  vertically w ith  respect to  th e  E a r th  
surface. T h is  geom agnetic  cutoff was es t im ated  to  be ap p rox im a te ly  0.3 GV for 
th e  SM ILI 2 flight. T h e  m ost affected by th e  geom agnetic  field are th e  low energy 
cosmic ray  p ro tons  which have  th e  lowest rigidity com pared  to  heavier partic les 
w ith  th e  sam e kinetic energy. A rigidity of 0.3 GV corresponds to  a p ro to n  kinetic 
energy of 45 MeV and  p ro tons  w ith  such low kinetic energy would n o t  be  detec ted
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by th e  SMILI in s t ru m en t  since they  will not m ake a trigger due to  bend ing  by the 
in s t ru m en t  m agnetic  field and  th e  energy loss inside th e  detector.
T h e  second factor is safety during th e  flight. If th e  payload  is approaching  
an in h ab i ted  area , th e  flight m u s t  be te rm in a ted  before it reaches th e  town. T he  
th ird  factor are th e  winds a t  the  float a l t i tude . T h e  first SMILI flight occurred 
in S ep tem b er 1989, when th e  high a l t i tu d e  winds were changing direction from 
w estw ards to  eas tw ards ,  and  the  payload was recovered 40 miles from the  launch  
site ab o u t  22 r2 hours after th e  launch (M cKee 1991). For th e  second flight, the  
SM ILI in s t ru m en t  was launched  during the period of w estw ard winds. This  required 
th e  dow nrange  crew to be located  in Peace River, A lb e r ta  to  hand le  th e  flight 
te rm in a t io n  and  th e  recovery of the  payload.
4.2 Preflight Preparations
Expec ting  harsh  conditions (gravel roads) during th e  tr ip  from A nn A rbor, 
M ichigan to  Lynn Lake, th e  detec to r and its com ponen ts  had  to  be secured. T he  
up p er  po rt ion  of the  in s t ru m en t ,  consisting of the  m agne t ,  th ree  S i  and  th ree  S2 
scin tilla tors ,  and all four D T  cham bers,  was housed for th e  tr ip  in the  gondola shell 
w ith  m idsection  removed. T h is  p a r t  of th e  in s t ru m en t  was towed on a custom  m ade 
tra iler  by a  p ickup truck .  T he  lower p a r t  of th e  in s t ru m en t  contain ing  S3 scintillators 
and  electronics cra tes ,  as well as th e  Cerenkov de tec to r  and  several w orksta tions  
were packed  in to  two ad d it iona l  large trucks. All SI and  S2 scintilla tors, m o u n ted  in 
th e  u p p e r  segm ent of th e  in s t ru m en t ,  were p ro tec ted  against sagging by m ounting  
iron bars  across the  scintilla tors , u n d ern ea th  and above th em  and  all T O F  P M T  
jo in ts  were reinforced w ith  th e  ’’T E X A C O ” b rand  s tyrofoam  cups.
T h e  tr ip  from A nn A rbor to  Lynn Lake lasted  four days. T h e  p rep ara tio n  
of th e  ex p e r im en t was done in the  hangar  a t the  Lynn Lake a irport.  T h e  space
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in th e  h an g a r  was shared  am ong  th e  SM ILI team , th e  N SB F (N a tiona l  Scientific 
Balloon Facility) crew responsible  for th e  launch  and  track ing ,  and  scientists  from 
W ash ing ton  U niversity  in  St. Louis, p reparing  to  launch  th e  S O F IE  detec tor.  T h e  
inspection  after arrival showed th a t  all com ponen ts  of th e  de tec to r,  as well as th e  
co m p u te r  hardw are ,  survived th e  tr ip .  T h e  nex t 23 days were sp en t  in  assembling, 
in  tes ting  the  in s t ru m en t ,  and  in ca lib ra ting  its com ponen ts  described in  C h ap te r  3.
A lot of t im e  was spen t to  m ak e  th e  gondola shell a ir- tigh t,  so it would 
m ain ta in ed  th e  g round  level a tm ospheric  pressure during  th e  flight. A fter all th ree  
sections of th e  gondola shell were m o u n ted  together ,  th e  shell was te s ted  for a ir­
t igh tness  by overpressuring i ts  in terio r by 4.2 psi w ith  n itrogen  and  checking the  
valves m o u n ted  in th e  shell. T h e  tigh tness  of th e  shell was tes ted  by m easuring  
th e  te m p e ra tu re  and  pressure  inside th e  gondola over a period  of t im e  and  checking 
w h e th e r  their  ra tio  rem ained  constan t.
T he  m ag n e t  dew ar was purged  w ith  liquid n itrogen  (L N 2) on J u ly  7, 1991. 
T h is  opera tion  required  tw o days un ti l  th e  dew ar was to p p ed  w ith  L N 2, since a lot 
of n itrogen  evapora ted  in in itia l cooling. Seven days la te r ,  th e  liquid n itrogen  was 
purged  by th e  pressurized nitrogen  gas and  10 hours la te r  th e  liquid helium  transfer  
was s ta r ted .  It  took one h our  and  a ha lf  to  fill th e  dew ar w ith  liquid helium. Due 
to  the  helium boil-off, th e  dew ar was to p p ed  with  th e  liquid helium  a  couple m ore 
times unti l  th e  boil-off ra te  d ropped  down to 1.5 L /h o u r .  Finally, a day  before the  
launch  th e  m agne t  was ra m p e d  up and  down as a tes t .  A fter th e  m ag n e t  te s t  was 
over, th e  top  gondola shell was m o u n ted  on to  the  m idsection.
T h e  last ac tiv ity  before th e  expected  launch  was to  provide a good p ro tec ­
t ion  against  the  te m p e ra tu re  grad ien t inside the  gondola. This g rad ien t  is caused 
by  th e  overheating  of one side of the gondola  exposed to  th e  direct sunlight during
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th e  day, while the  o ther  side rem ains cool. T h e  gondola was covered w ith  4 cm  thick  
w h ite  u re th a n e  foam  to reflect th e  light, while th e  ba tte r ies  and  th e  t ran sm it te rs  
m o u n ted  outs ide  of th e  gondola  were w rapped  with sheets of w hite  foam.
4.3 The Launch
O n Ju ly  24, 1991, th e  long te rm  w eather  forecast was prom ising, as well 
as the  forecast along th e  expected  flight t ra jec to ry .  T h o u g h  no preflight m uon  d a ta  
h ad  been recorded at th e  final voltages, the  decision to  fly th e  SM ILI in s t ru m en t  
depended  m ostly  on th e  w eather .  D uring th e  launch , th e re  m u s t  be no winds at 
th e  launch  p ad  up to  300 m in a l t i tude .  After moving th e  whole expe rim en t o u t  of 
th e  h anga r ,  th e  gondola was a t ta c h e d  to the  large crane th ro u g h  th e  com bination  
of rigging, a swivel, a steel p la te ,  and  a launch  pin. T he  crane m oved th e  suspended  
gondola to  th e  runaw ay, while th e  p ick-up tru ck  carried a  con ta iner  w ith  a  balloon 
inside. T h is  p a r t ic u la r  balloon was m ad e  of 0.8 mil th ick  polyethylene by W inzen. 
Its  to ta l  vo lum e was 8.3 • 105 m 3. A fter th e  balloon is rem oved from  its conta iner,  
it  can not be repacked and  it  has to  fly, since it cost ab o u t  $70,000. T h e  N SB F 
provided a backup  balloon, ju s t  in case.
T h e  balloon was filled w ith  helium  gas th rough  two filling tu b es  p e rm a ­
nen tly  a t ta c h e d  to  th e  balloon walls. Tw o 18 wheel trucks carried  cylinders w ith  
th e  com pressed helium  gas which m ad e  a very uncom fortab le  noise w hen decom ­
pressing. I t  took  m ore th a n  one h our  and  5 • 10'1 m 3 of the  helium  gas to  fill th e  
balloon. D uring  th e  filling, th e  balloon was w rapped  u nder  a p ivoting  spool which 
held it. J u s t  a t launch , th e  spool was released, allowing th e  balloon to  rise and  pick 
up the  slack which lay on the  g round  between the  spool and  th e  crane. T h e  payload  
was launched  by pulling out th e  launch  pin from th e  p late .  This  was done when th e  
balloon was ju s t  vertical above th e  payload . T h e  crane op era to r  was responsible to
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m an eu v er  th e  payload  directly  under the  balloon and  for the  release of th e  launch  
pin. T h is  p a r t  was accom plished flawlessly.
4.4 The Instrument Performance
T h e  balloon carried the  SMILI 2 in s t ru m en t ,  which weighed 1933 kg and  
462.7 kg of lead ballas t for a to ta l  weight of 5376 kg including balloon, p a rachu te ,  
and  payload . T h e  official launch  tim e was 9:17:01 pm  C ST on Ju ly  24, 1991 or 
02:17:01 G M T  on Ju ly  25, 1991 a t la t i tu d e  56°42’ N o rth  and  longitude 101°05’ 
W est. T h e  SM ILI 2 in s t ru m en t  reached float a l t i tu d e  w ith in  3 hours and  40 m in ­
utes, i.e. a t ab o u t  1:00 am  CST. During the  ascent, all high voltages were in  th e  
m uon  m ode to  allow the  m in im um  ionizing partic les to  trigger the  in s t ru m en t .  A t 
12:48 am  C S T , th e  in s t ru m en t  was shut down and  im m edia te ly  reboo ted  by the  
up link  com m ands .  This  ac tion  was tak en  due to problem s w ith  th e  uplink co m m u ­
nication  w hen a t tem p t in g  to  reset the  high voltages on the  drift tubes  to  th e  float 
m ode. Finally, ab o u t  2:30 am  C ST all voltages, except high voltages on th e  P M T s  
of S3 scintilla tors ,  were set a t  their  float values.
Since th e  launch, d a ta  were recorded using Pulse Code M odula tion  (P C M ) 
on tap es  capable  to  record inform ation  s im ultaneously  from several channels. In the  
case of SM ILI 2, th e  flight d a ta  was sent downlink by  two 64 k b i t / s  channels on 
frequency 1501.5 MHz for th e  p r im ary  channel and 1525.5 MHz for th e  secondary 
channel. A 32 k b i t / s  channel was used to  send d a ta  only during th e  detec to r ascent. 
T h e  g round  s ta t ion  in Lynn Lake recorded d a ta  during  th e  first 12 hours of th e  
SMILI 2 flight, while during  th e  next 12 hours d a ta  were recorded by th e  g round 
s ta t ion  in F t .  M cM urray  (Fig. 4.1).
T h e  flight was te rm in a ted  a t 8:29 pm  M ST at la t i tu d e  57°21’ N orth  and  
long itude  117°30’ W est and th e  in s t ru m en t  was recovered 70 miles n o r th  of P eace
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River in A lberta .  T he  approx im ate ly  600 mile flight p a th  of th e  in s t ru m en t  is shown 
in Fig. 4.1. T he  SMILI 2 flight profile in term s of th e  a l t i tu d e  is shown in  Fig. 4.2, 
while Fig. 4.3 presents  this profile in term s of th e  a tm ospheric  overburden .
Figs. 4.4 - 4.12 show the  readou ts  from th e  SM ILI LeCroy 2551 scaler. 
T h e  cu rren t  con ten ts  of each of its 12 channels was read  ou t,  by th e  flight software, 
w henever th e  housekeeping frames were generated . After th e  flight, th e  scaler read ­
outs expressed in term s of counts were converted  in to  rates by dividing th e  n u m b er  
of scaler counts by th e  period, 8.3886 s, at which the  housekeeping fram e were 
form ed by th e  flight com pu te r  software. T he  varia tion  of th e  trigger ra te  w ith  tim e 
(Fig. 4.7) is due to  the  increasing in tensity  of the  geom agnetic  field as th e  SMILI 
de tec to r  was flying westward, away from the N orth  geom agnetic  pole.
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F igure 4.1: The SMILI 2 flight trajectory.
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F i g u r e  4.2: T h e  a l t i tu d e  profile during th e  SMILI 2 flight. T h e  arrows ind icate  
th e  beginning and  the  end of th e  t im e interval. D a ta  recorded during this tim e was 
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F i g u r e  4.3: T h e  residual a tm ospheric  overburden during th e  SM ILI 2 flight. T he  
arrows ind ica te  th e  beginning and the  end of th e  t im e interval. D a ta  recorded 
during  this t im e was used in this work.
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F i g u r e  4.4: Total tim e - the  n u m b er  of SMILI clock cycles between two consecutive 
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F i g u r e  4.5: Live t im e - the  n u m b er  of SMILI clock cycles betw een two consecutive 
housekeeping fram es when th e  trigger was not inh ib ited  per period of housekeeping 
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F i g u r e  4.6: Live t im e expressed in te rm s  of the  ra tio  of live t im e to  to ta l  time.
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F i g u r e  4.7: Fast  trigger ra te  - the  n u m b er  of in s t ru m en t  triggers betw een  two 
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F i g u r e  4.8: U ninhib ited  trigger ra te  - th e  n u m b er  of the  un inh ib ited  in s t ru m en t  
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F i g u r e  4.24: T h e  p / T  ratio.
T h e  housekeeping plots (Figs. 4.13 - 4.18) m ade  after the  flight show the 
very s tab le  HV on T O F  P M T s  after their  tun ing , b u t  th e  voltage on the  D T  HV 
Power Supply # 2  (Fig. 4.18) dropped  suddenly  by 40V almost 3 hours after all 
o th e r  high voltages and  tr igger ra tes  stabilized. This decrease affected the  overall 
d e tec to r  efficiency which becam e evident when using tracking inform ation  from the  
drift tubes .  Fig. 4.19 shows a slow decrease of the  b a t te ry  voltage, which does not 
affect th e  voltages on th e  electronic crates.
T h e  te m p e ra tu re  recorded a t different spots in th e  in s t ru m en t  show the 
effect of the  changing te m p e ra tu re  outside th e  gondola depend ing  on th e  t im e of the  
day. T h e  te m p e ra tu re  effect can be seen on th e  plot of gondola pressure (Fig. 4.20). 
T h e  p / T  ra tio  shown in Fig. 4.24 increases by 2%. This small increase is a t t r ib u ted  
to  th e  used D T  gas which was vented  to th e  gondola interior (Section 2.2).
T he  rest of the  housekeeping plots are shown in A ppendix  B. T he  house­
keeping fram e # 1  contained two num bers  which give the  n u m b er  of events not
t r a n s m i t te d  to  the  g round  s ta t io n  due to restr ic tions im posed by th e  flight com ­
p u te r  software on th e  n u m b e r  of drift tubes  hit in the  event (0 <  N D T  <  200) 
an d  th e  n u m b e r  of ’’h ig h ” th resho ld  T O F  T D C  readou ts  w ith o u t  an  O V E R F L O W  
(N T H  >  0). 77,577 events  were no t sent downlink because all ’’h ig h ” th resho ld  T O F  
T D C  read o u ts  were above 2000 counts ,  which is equivalent to  an O V E R F L O W  and 
15,717 even ts  were not sent due too few or too m an y  hit  drift tubes .
C H A P T E R  5
DATA REDUCTIO N
T h e  first p a r t  of this ch ap te r  describes the  ’’fixing” of th e  raw  d a ta se t  as 
recorded during  float in to  a form from which it can be easily processed, and  the  
in itia l  reduction  of this fixed d a ta se t .  This  process was done in two stages, due to  
th e  problem s w ith  conversion of the  conten ts  of analog tapes  in to  d igital form ju s t  
af te r  th e  flight. D uring  this conversion process 40% of d a ta  was lost. Two years 
after th e  flight, tapes  contain ing  all flight d a ta  in th e  digital form  were o b ta in ed  and  
th e  final fixed d a ta se t  was generated . T he  second p a r t  of this ch ap te r  discusses, in 
detail ,  th e  analysis of d a ta  from th e  track ing  and T O F  systems.
5.1 Data Recovery
O ver 6.3 • 10° events were recorded, from 5 m inu tes  before th e  launch 
un ti l  th e  flight te rm ina tion .  D a ta  was downlinked during  th e  flight th ro u g h  th ree  
channels  and  was recorded s im ultaneously  using d em odu la ted  P C M  signals on th ree  
tracks  of m u lti- t ra ck  tapes . A fraction of th e  digital frames were b lank , since not all 
channels  sent d a ta  at th e  sam e tim e, b u t  the  tap e  was m oving on its drive. These 
b lank  fram es con ta in  only an event n u m b er  generated  by V A X O N L IN E  (Ferm ilab  
D a ta  A cquisition Software) or a Greenwich M ean T im e tag . A fraction  of th e  
events  were in th e  wrong order, some had  missing DATA frames or C O N T  frames. 
A n o th e r  im p o r ta n t  task  was to merge files containing d a ta  which were recorded 
s im ultaneously  using m ultip le  transm ission  channels.
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5.1 .1  F ix in g  th e  R a w  D a ta s e t
D a ta  from  th e  SM ILI 2 in s t ru m en t  was recorded a t  the  g round  sta tion  
in  Lynn  Lake and  a t  th e  dow nrange  s ta tion  in F t .  M cM urray . E ach  g round  s ta ­
tion  recorded  9 analog tapes .  After th e  flight, an a t t e m p t  was m ad e  to  transfer 
d a ta  from  th e  analog tap es  in to  a digita l form. T h is  was done using a  P C M  de­
co d er/sy n ch ro n ize r  and  V A X O N LIN E. It  appears  th a t  during  th is  process a sig­
nificant f raction  of d a t a  did not get th ro u g h  to  th e  digita l tapes . A few m on ths  
la te r ,  one 8 m m  ta p e  w ith  8 files conta in ing  all flight d a ta  available a t th a t  t im e was 
d is t r ib u te d  to  th e  collaborators  by In d ian a  University.
In  order to  m ake  th e  fixing process m ore efficient, th e  d a ta  fo rm at was 
changed  by replacing th e  48 b y te  prefix w ri t ten  by V A X O N L IN E  w ith  a one word 
header  con ta in ing  an event n u m b e r  stored in th e  DATA frame. Housekeeping and 
ca lib ra t ion  fram es were tagged  with the  event n u m b er  from th e  preceding DATA 
fram e. A t th e  sam e t im e, th e  overlaps betw een consecutive files were removed. D a ta  
from b o th  channels were sorted , m erged, and  af te rw ards DATA fram es, housekeep­
ing, A D C , and  D T  T D C  ca lib ra tion  fram es were w rit ten  in to  sepa ra te  files. T h e  files 
con ta in ing  DATA fram es were cleaned of garbled  da ta .  A good event was defined 
as one having  good synch word and a good check sum. O rp h an ed  DATA frames,
i.e. DATA fram es which h ad  th e  O V F L  bit set b u t  did not have th e  expected  
C O N T  fram es, were rem oved, as well C O N T  fram es missing the  corresponding 
DATA fram es. A com parison  of the  n u m b er  of expected  events w ith  th e  ac tua l  
n u m b e r  of events showed th a t  60% of th e  d a ta  survived th e  downlink, th e  digiti­
za tion ,  and  th e  fixing process. For the  nex t year and  half, th is  incom plete  d a tase t  
called th e  L ynn Lake d a ta se t ,  was the  only d a ta  available for use in the  SMILI 2 
d a t a  analysis.
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In J u n e  and  Ju ly  1993, we received from In d ian a  U niversity  15 9-track 
tap es  con ta in ing  SM ILI 2 d a ta  in digital form. This  second d igitiza tion of the 
archive analog tap es  had  been perform ed one year earlier a t th e  W h ite  Sands Missile 
R ange, New Mexico. T h e  con ten ts  of all 15 tapes  were copied, preserving th e  d a ta  
fo rm a t,  on to  an o th e r  set of 9-track  tapes  as well on to  8m m  tapes . A p a r t  of one 
ta p e  was no t legible due to  a  p ar ity  error at the  beginning of the  tape .  T he  first 
476 blocks con ta in ing  only zeroes were skipped and rest of the  tap e  was successfully 
copied.
D a ta  on th e  digital tapes  was originally w ri t ten  in 8520 b y te  blocks, each 
block con ta in ing  60 frames. A fram e consisted of 71 words (142 bytes) .  T he  first 
two words con ta ined  a Greenw ich M ean T im e s tam p  and  inform ation  ab o u t  a synch 
error,  while th e  nex t  66 words contained  a SMILI fram e s tr ipped  of th e  synch 
word. T h e  last th ree  words of the  fram e were used as a filler by th e  SMILI flight 
software. T h e  difference betw een th e  original SMILI fram e and  th e  fram e on the  
d ig ita l ta p e  was in th e  add itional word with  th e  Greenwich M ean T im e s tam p  in 
seconds and  in th e  SM ILI synch word which was su b s t i tu ted  by  a word w ith  two 
b it  synch in fo rm ation ,  9 bits w ith  Greenwich M ean T im e in milliseconds, and  the  
m ost significant b it  of GM T im e in seconds.
T h e  full d a ta se t  recorded, when the in s t ru m en t  was a t float, consisted of 
28 files con ta in ing  1.2 G bytes  of inform ation. D a ta  from these  files were merged 
and  sorted  an d ,  in cases of m u lti  fram e events, the p roper fram e order was enforced.
Figs. 5.1 - 5.3 show th e  event d is tr ibu tions from th e  raw d a tase t  when the  
SM ILI in s t ru m e n t  was a t float. T he  peak in th e  cen ter of th e  h is togram s is due to  
th e  overlap be tw een  the  d a ta se ts  recorded by bo th  ground sta tions .
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T h e  following steps were tak en  to  assure th a t  the  subsequen t processing of th e  fixed 
d a ta se t  was efficient:
•  E ach  DATA fram e was tagged  with  its own event n u m b e r  in th e  first two words,
in  add it ion  to  th e  even t n u m b er  in th e  DATA fram e. E ach  ca lib ra tion  and  
housekeeping fram e was tagged  with th e  event n u m b er  from th e  las t  DATA 
fram e. T h e  last th ree  words of the  fram e which did not con ta in  any  re levant 
in fo rm ation ,  were d iscarded. T h e  length  of each ty p e  of f ram e was 70 words 
after this process. B lank frames, frames w ith  th e  synch flag set, and  frames 
w ith  a bad  check sum  were not included in th e  o u tp u t  files. T h e  overlaps 
betw een  consecutive files were removed.
•  T h e  con ten ts  of all files were sorted  in order of increasing event n u m b er .  These
files were fu r th e r  tes ted  for th e  proper event n u m b er  which h ad  to  be w ithin  
th e  range of the  lowest event nu m b er  and  highest event n u m b er  for all d a ta .  If 
th e  event n u m b er  did no t satisfy these criteria, th e  event was kep t or removed, 
depend ing  upon  w hether  i t  was a proper event (i.e. a DATA fram e) and  w h e th e r  
th e  event n u m b er  could be corrected.
•  Files, w ith  in fo rm ation  recorded at the  same tim e, were merged.
•  DATA , A D C  calibrations, D T  T D C  calibrations, and  housekeeping fram es were
split am ong different files. Each of these files required  ind iv idual m odifications 
due to  inconsistencies which were not corrected in previous steps.
•  Files conta in ing  DATA frames were tested  for p roper order of DATA and  C O N T
frames. In cases when th e  order was incorrect,  DATA and  C O N T  fram es w ith  
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F i g u r e  5.1: T h e  event n u m b er  d is tr ibu tion  downlinked on th e  p r im ary  channel 
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F i g u r e  5.2: T h e  event n u m b er  d is tr ibu tion  downlinked on th e  secondary  channel 
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F i g u r e  5.3: T h e  com bined event num ber d is tr ibu tion  downlinked on b o th  channels 
when th e  SM ILI in s t ru m en t  was a t float.
•  DATA frames with missing C O N T  frames and C O N T  frames with  missing DATA
fram es were d iscarded.
•  A single file contain ing  only SMILI events was m ad e  on 8 m m  tape .  T he  same
file was backed-up  on six 9-track tapes .
Tables 5.1, 5.2, and  5.3 show th e  s ta tis tics  of th e  raw and  fixed d a tase ts ,  while 
Table 5.4 gives th e  s ta t is tics  of th e  fixed files contain ing housekeeping, A D C  cali­
b ra tio n ,  and  D T  T D C  ca libra tion  da ta .  Table 5.6 presents  th e  relation betw een the  
SMILI 2 flight t im ings and  th e  recorded d a ta  inferred using available inform ation.
T h e  D T  T D C  ca libra tion  file contained results of 13 D T  T D C  calibrations 
m ad e  during  th e  flight (Table 5.5). Each calibration contained responses of every 
D T  T D C  channel to  6 different delays i.e 0, 80, 160, 240, 320, and  400 ns genera ted  
by th e  D T  T D C  controller. D T  T D C  readouts  from all 13 calibrations were fed into 
a p rogram  which calcu la ted  th e  slope and  in tercep t for each D T  T D C  channel and
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T ab le 5.1: The statistics of the SMILI 2 raw dataset.
T ota l n u m b er  of frames 8448720
T otal n u m b er  of unidentified frames 2284982
T ota l n u m b er  of fram es w ith  SFL C K  bit set 0
T ota l n u m b er  of frames with  F R L C K  bit  set 7730
T ota l n u m b er  of frames with  bad  check sum 104151
T ota l n u m b er  of DATA frames 6033549
Total  n u m b er  of A D C A L frames 495
Total  n u m b er  of D T C A L  frames 789
T ota l  n u m b er  of HK 1 frames 8505
Total  n u m b er  of HK 2 frames 8519
T a b l e  5.2: T h e  s ta tis tics  of the  SMILI 2 fixed d a ta se t .
T ota l  n u m b er  of frames 5844060
T ota l n u m b er  of unidentified frames 23
T ota l n u m b er  of frames with S FL C K  bit set 0
T ota l n u m b er  of frames with F R L C K  bit set 0
T ota l nu m b er  of frames with bad  check sum 0
T ota l nu m b er  of DATA frames 5844037
T ota l nu m b er  of A D C A L frames 0
Total  nu m b er  of D T C A L  frames 0
T ota l nu m b er  of HK 1 frames 0
Total  nu m b er  of HK 2 frames 0
T a b l e  5.3: T h e  sta tis tics  of th e  SMILI 2 fixed d a ta se t  in te rm s of th e  to ta l  n u m b er  
of events  an d  n u m b er  of fram es per event.
Total  n u m b e r  of events 4819748
N u m b er  of events w ith  one frame 3903332
N u m b er  of events w ith  two fram e 822311
N u m b er  of events w ith  th ree  frames 80339
N u m b er  of events w ith  four frames 13766
T a b l e  5.4: T h e  sta tis tics  of th e  SMILI 2 fixed AD C ca libra tion , D T  T D C  ca lib ra­
t ion , and  housekeeping da tase ts .
T o ta l  n u m b er  of A D CA L frames 317
Total  n u m b er  of D T C A L  frames 753
Total  n u m b er  of HK 1 frames 8261
Total  n u m b er  of HK 2 frames 8235
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T a b l e  5.5: T h e  relation betw een D T  T D C  ca libration  num bers  and  SM ILI event 
num bers .
D T  T D C SMILI
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F igu re 5.4: The event number distribution in the fixed dataset.
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T a b l e  5.6: T h e  SMILI 2 flight tim ing  inform ation . T im ings w ith  th e  associated 
event n u m b er  were tak en  from corresponding DATA frames. O th e r  tim ings were 
tak en  from th e  N SB F log or th e  digitiza tion  log from W h ite  Sands.
Flight Inform ation D ate T im e (G M T ) SMILI E ven t  No.
Launch 25-July-1991 02:17:01
S ta r t  recording d a ta 25-J u ly -1991 02:21:47 39,791
F loat 25-July-1991 05:34:27
E nd  of DATA 25-July-1991 05:45:05 1,507,461
A ctual shu tdow n 25-July-1991 05:49:17
A ctua l reboot 25-July-1991 05:49:31
S ta r t  of DATA 25-J u ly -1991 05:49:55 1
DATA s ta r t 25-July-1991 10:01:30 1,049,999
DATA end 26-July-1991 02:22:55 5,384,310
C utdow n 26-July-1991 02:29:12
Im pac t 26-July-1991 03:06:00
for every ca libration  using a linear least squares fit. A large x 2, ca lculated  using 
th e  fit ted  p aram ete rs  and  ca libra tion  da ta ,  ind icated  th a t  th e  D T  T D C  channel was 
defective and  the  drift tu b e  associated w ith  this D T  T D C  channel was included in 
th e  list of non-working D T  channels. T he  readou ts  from all D T  T D C  channels  were 
h is to g ram m ed  and  th e  D T  T D C  channels w ith  bad  ca librations showed a response 
quite  different from th a t  of a good D T T D C  channel (Figs. 5.5 and  5.6).
5.1.2 Processing the Fixed Dataset
T h e  final, fixed d a ta se t ,  designed for processing, had  3,998,171 events  s t a r t ­
ing from event n u m b er  1,049,999. T he  rejection of 700,000 events or alm ost 3 hours 
of d a ta  was m otiva ted  by a sudden drop of th e  high voltage on th e  H V  D T  # 2  
power supply  (Fig. 4.18). This  resulted  in a decrease of the  D T  efficiency, as shown 
in Fig. 5.7.
T h e  expected  n u m b er  of events w ith  the  event n u m b er  from betw een 
1,049,999 and  5,384,310 is 4,334,312 while the  ac tua l  n u m b er  of events is 3,998,171.
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F i g u r e  5.6: T h e  raw D T  T D C  readou t d is tr ibu tion  for a  D T  with good calibration.
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F i g u r e  5.7: T h e  d is tr ibu tion  of event num bers  after th e  initial processing of th e  
fixed d a ta se t .  T h e  D T  re la ted  requirem ents  had  to  be satisfied.
T h u s ,  only 92% survived th e  downlink transm ission from th e  flight co m p u te r  to  th e  
g round  s ta t ion ,  plus th e  d ig itiza tion  process, and passed th e  requ irem ents  for fixed 
digitized da ta .
This  fixed d a ta se t  was initially processed by removing events which would 
not be analyzed later. T he  following requirem ents  were established for th e  initial 
processing:
•  T h e  n u m b er  of D Ts hit had  to  be less th an  92.
•  T h e  event had  to  have a t  least 2 DTs hit in each D T  section ( the  F IL T E R
routine).
•  T h e  pre lim inary  t ra jec to ry  formed by drift tubes  had to  be no m ore th a n  6 cm
outside  th e  m agne t  bore ( th e  B O R E -C U T  test) .
In order,  to  improve the  efficiency of d a ta  processing, the  initial processing was done
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using six 9-track  tapes .  This  allowed th ree  processing p rogram s to  ru n  s im u ltan e­
ously using available ta p e  drives. Processed events, which passed  above criteria, 
were w ri t ten  to  an o u tp u t  file on th e  disk in th e  original fo rm a t.  D a ta  on T A P E  1 
was not processed, since it  con ta ined  d a ta  with  event n um bers  lower th a n  1,049,999 
which were recorded before th e  drop of th e  high voltage on th e  D T  H V  # 2  Power 
Supply. Tables 5.7 - 5.12 show the results of this s tage of the  d a ta  reduction .
T a b l e  5.7: R esults  of th e  initial processing of T A P E -2 .
T ota l  n u m b er  of events 779,682 1 0 0 .0 0 %
R o u tin e  n am e No. of rejected  events P ercen tage
M ore th a n  92 DTs 9,538 1 .2 2 %
F IL T E R (2 ,2 ,2 ,2 ) 618,915 79.38%
B O R E .C U T 67,117 8.60%
No. of events  which passed cuts 84,112 10.79%
T a b l e  5.8: R esults  of the  initial processing of T A P E -3 .
T o ta l  n u m b e r  of events 818,572 1 0 0 .0 0 %
R o u tin e  n am e No. of rejected  events P ercen tage
M ore th a n  92 DTs 9,092 1 .1 1 %
F IL T E R (2 ,2 ,2 ,2 ) 652,876 79.76%
B O R E .C U T 69,561 8.50%
No. of events which passed cuts 87,043 10.63%
T a b l e  5.9: Results of th e  initial processing of T A P E -4 .
T o ta l  n u m b er  of events 822,090 1 0 0 .0 0 %
R o u tin e  nam e No. of rejected  events P ercen tage
M ore th an  92 DTs 8,763 1.07%
F IL T E R (2 ,2 ,2 ,2 ) 660,815 80.38%
B O R E .C U T 67,515 8 .2 1 %
No. of events  which passed  cuts 84,997 10.34%
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T a b l e  5.10: R esults  of th e  initial processing of T A P E -5 .
T o ta l  n u m b er  of events 826,902 1 0 0 .0 0 %
R o u tin e  n am e No. of rejected  events P ercen tage
M ore th a n  92 D Ts 8,548 1.03%
F IL T E R (2 ,2 ,2 ,2 ) 669,156 80.92%
B O R E _ C U T 65,480 7.92%
No. of events which passed  cuts 83,718 1 0 .1 2%
T a b l e  5.11: R esults  of the  initial processing of T A P E -6 .
T o ta l  n u m b er  of events 750,925 1 0 0 .0 0 %
R o u tin e  nam e No. of rejected events P ercen tage
M ore th a n  92 D Ts 6,893 0.92%
F IL T E R (2 ,2 ,2 ,2 ) 611,902 81.49%
B O R E _ C U T 57,784 7.70%
No. of events which passed cuts 74,346 9.90%
T a b l e  5.12: Com bined  results of th e  in itial processing of all 5 tapes.
T o ta l  n u m b er  of events 3,998,171 1 0 0 .0 0 %
R o u tin e  nam e No. of rejected events P ercen tage
M ore th a n  92 DTs 42,834 1.07%
F IL T E R (2 ,2 ,2 ,2 ) 3,213,664 80.38%
B O R E -C U T 327,457 8.19%
No. of events  which passed cuts 414,216 10.36%
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As can be clearly seen, m ost events were rejected  by th e  F IL T E R  routine, 
due to  insufficient n u m b er  of hit DTs in D T section # 1 ,  w ith  th e  D T  index  ranging 
from 1 to  128. This  D T  section had the  largest nu m b er  of non-working D T  T D C  
channels .
5 .2  T r a c k i n g  S y s t e m  R e s u l t s  a n d  D i s c u s s io n
T h e  m ain  objec tive  of SMILI in s t ru m en t  was to  ob ta in  isotopic abundances  
of e lem ents  w ith  charge 2 up to  charge 10. Since the  SMILI in s t ru m en t  was a 
m agne tic  spec trom ete r ,  th e  masses were m easured  by de term in ing  th e  rigidity  of 
th e  partic le ,  of known charge, in the  m agnetic  field. In order to  ca lculate  the 
par tic le  rigidity  (Eg. 2.1), a partic le t ra je c to ry  m ust  be known along th e  known 
m agne tic  field. A pre lim inary  tra jec to ry  with  a resolution of th e  order of 1.0 cm 
was o b ta in ed  using simply th e  wire positions of the  drift tu b es  which were h it .  In 
th is  app ro x im a tio n ,  a t rack  is formed by two vectors, one below and  one above the  
m agne t .
T h e  final par tic le  t ra je c to ry  had to be determ ined  w ith  higher accuracy 
to  achieve a b e t te r  m o m en tu m  resolution and to  provide a reliable background 
rejection. T h is  background  is due to  fragm en ta t ion  of heavy ions and  hard  sca tte ring  
from  in s t ru m en t  com ponen ts  (Tom asch et al. 1990). In th e  perfect case, th e  partic le  
t r a je c to ry  should form a curved  p a th ,  whose cu rva tu re  is de term ined  by th e  particle 
m o m en tu m .  T h e  norm alized y 2 of the fit to  th e  m easured  points  forming two 
s tra ig h t  lines in th e  bend ing  plane, one above and  one below th e  m ag n e t ,  would be 
lower th a n  th e  sam e y 2 in th e  case of two s tra igh t lines formed by a partic le  which 
f rag m en ted  or hard  sca tte red  inside the in s tru m en t.
T h e  m ore  accu ra te  inform ation abou t partic le  t ra je c to ry  can be  inferred 
from  th e  electron drift t im e in the  drift tubes . If th e  tim e t 0, when a partic le  passed
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th ro u g h  a  drift  tu b e  a t  a d is tance  r from th e  D T  anode , can be de term ined ,  along 
w ith  a t im e  T  of th e  rising edge of the D T  anode pulse, th en  th e  corresponding 
d is tance  can be ob ta ined  from  th e  integral (Leo 1994):
T
r = J  u d t  (5.1)
Ip
In th e  case of a co n s tan t  drift  velocity u, and  assum ing th a t  th e  charge partic le  
m obility, defined as fi =  u / E  (Leo 1994), is co n s tan t  w ha t  implies a co n s tan t  electric 
field in tens i ty  E, the  re la tion betw een the electron drift t im e and  th e  d is tance from 
th e  anode  wire is linear. For the  SMILI drift tubes ,  th e  electric field depended  on 
th e  d is tance  from th e  anode wire r
E (r ) =  V ()/ ( r  l o g - )
c l
w here  a is th e  rad ius  of th e  anode wire, b is th e  inside radius of th e  D T  wall, and 
Vo is a high positive vo ltage a t the  anode and th e  D T  walls were grounded.
T h e  p rocedure  to  ob ta in  th e  best possible partic le  t ra je c to ry  includes the 
following steps (T om asch  et al. 1990, McKee 1991):
1 . A ca lcu la tion  of th e  ac tu a l  electron drift t im e using D T  T D C  readou ts .
2. A calcu la tion  of th e  im p ac t  p a ram ete r  (i.e. rad ius) from th e  ac tua l  drift t im e 
using th e  re la tion  betw een  a drift t im e and  th e  d is tance (a  tim e-to-space func­
tion).
3. A d e te rm in a tio n  of all tan g en t  points for hit DTs and s tra igh t  lines connecting 
th em  and  a selection of th is  p a th  for which th e  sum of th e  squares of d istances 
be tw een  two tan g en t  po in ts  for one D T  is smallest.
4. A s tra ig h t  line fits to  selected tan g en t  points and  calculation of th e  residuals 
for h it  D T s ,  i.e. th e  difference betw een the  d istance of th e  closest app roach  of
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th e  f i t ted  t ra je c to ry  to  th e  D T  wire and the  ac tu a l  h it  radius.
5. R ep ea t  steps 1 - 4 w ith  ad justed  tim e offsets and  a modified tim e-to-space 
func tion  to  m inim ize th e  residuals.
T h e  ac tu a l  drift t im e  for each hit  D T  had  to  be ex trac ted  from  th e  tim ing 
p rov ided  by th e  corresponding  D T  T D C . Each D T  wire was connected  th ro u g h  th e  
p ream p lif ie r /d isc r im in a to r  and  th e  pulse s tre tch e r  to  th e  D T  T D C  channel. T h e  
D T  T D C  system  was o p e ra ted  in th e  C O M M O N  S T O P  m ode i.e. th e  D T  T D C  
channel s ta r ted  counting  when it received a logic pulse from th e  pulse s tre tch e r  and 
s to p p ed  coun ting  when receiving a delayed in s t ru m en t  trigger from th e  LeCroy 4298 
D T  T D C  Controller.
T h e  D T  T D C  read o u t ,  from the  i th  drift tu b e ,  is equal to  th e  tim ing 
difference betw een  S T O P  and  ST A R T  pulses (M cKee 1991) as
T D C 1 =  T s , op -  T i , ,AK, (5.2)
Since th e  D T  T D C  system  o p era ted  in the  C O M M O N  S T O P  m ode, th e  S T O P  
pulse was com m on to  all D T  T D C  channels and  was genera ted  by th e  in s t ru m en t  
trigger.  Its  t im ing  can be expressed as a sum  of term s which are explained  below.
T sTOP =  T scin, +  Tprop +  T p m t  +  TpMTwalk +  Ti0(,;c +  T 0frset (5.3)
T scint - T h e  abso lu te  tim e when th e  partic le  deposited  enough energy in th e  scin­
t i l la to r  whose P M T  dynode  pulse com pleted an event trigger.
T Prop - T h e  light p ro p ag a tio n  t im e from the  im pact position on th e  scin tilla tor to  
th e  light pipe.
T p m t  - T h e  t im ing  difference in the pulse p ropagation  th ro u g h  th e  P M T  which 
com ple ted  this trigger and  the  fastest P M T .
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TpMTwalk - T h e  t im ing  difference in the  d iscrim inato r o u tp u t  be tw een  an  in p u t  
pulse which com pleted  an event trigger and  an infinitely high in p u t  pulse from 
th e  scintilla tor.
Tiogic - All delays betw een  a  d iscrim inator of th e  P M T  which com ple ted  a  trigger
and  th e  S T O P  pulse of th e  drift tu b es  T D C s i.e. o u tp u t  of th e  LeCroy 622
m odu le  (Fig. 2 .1 1 ).
ToiTset - All delays betw een o u tp u t  of the LeCroy 622 m odule  and  th e  in p u t  to  th e  
LeCroy 4298 D T  T D C  Controller.
T h e  second, th ird ,  four, and  fifth term s in Eq. 5.3 can be rep resen ted  by  one te rm  
as
T tof  =  T prop +  T pmt +  TpMjwaik +  Tiugic (5-4)
an d  Eq. 5.3 can be w ri t ten  as
T s t o p  =  T scjnl +  T t o f  +  T 0frset (5-5)
T h e  S T A R T  pulse for the  D T  T D C  channel came from th e  sense wire (anode  wire) 
of th e  h it  drift tu b e  and  its t im ing  is the  sum  of following terms:
T start =  T |lit +  T;iria +  T';v(llk +  T ' clay (5.6)
an d  each  te rm  is defined as follows:
T ait - T h e  abso lu te  t im e w hen th e  partic le  passed closest to  th e  D T  wire.
Thrift - T h e  drift t im e , which m ust  be found.
T'w-iik ‘ T h e  t im e difference in  tr ipp ing  by th e  D T  d iscrim inator for th e  ac tu a l  pulse 
and  th e  infinitely high pulse from the  D T  anode.
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Tdelay '  T h e  sum  of all co n s tan t  delays betw een  th e  D T  wire and  th e  corresponding 
T D C .
T h e  D T  T D C  re ad o u t  (Eq . 5.2) can be expressed as
T D C ' =  T scint +  T Tof +  T ofrscl -  (Tj,it +  T j rifl +  T ‘walk +  T j elav) (5.7)
A fter rea rrang ing  te rm s, th e  D T  T D C  read o u t  is equal to:
T D C ' =  T scint -  TJ.it +  T Tok +  T ofrscl -  T;]dav -  T j rift -  TJvalk (5.8)
T h e  t im ing  difference betw een  th e  T O F  scin tilla tor which com pleted  th e  trigger and  
th e  drift tu b e  in question  is equal to:
Tscir, -  Tj.it =  — (5. 9)
P  C COS V
where D is th e  abso lu te  value of the  d is tance  betw een  th e  T O F  whose P M T  com ­
p le ted  th e  in s t ru m e n t  t r igger and  th e  i th  D T , 8 is th e  zenith  angle of incidence, (3c 
is th e  pa r tic le  velocity, and  c is the  speed of light. T he  t im ing  difference betw een 
T 0flset and  T{jelav can be rep resen ted  by one te rm
T' =  T.tfsct -  Tj]clav (5.10)
Finally, th e  electron drift t im e  from th e  position where th e  ionizing event occurred  
to  th e  D T  anode  is given by
T i,rirt +  T l „ , k =  +  T t o f  +  Tj, -  T D C 1p c  cos a
(5.11)
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In order to  ca lculate  th e  drift t im e according to  Eq. 5.11, th e  unknow n 
TJ, h ad  to  be de term ined  first for every active D T  channel. T he  first te rm  on right 
h an d  side of Eq. 5.11 can be ca lculated  using the  p re lim inary  tra jec to ry ,  discussed 
earlier. T h e  second te rm  is calculated  by the  T O F  rou tine ,  and  th e  last te rm  is 
th e  D T  T D C  read o u t  which m ust  be converted  from T D C  counts to  nanoseconds. 
As m en tio n ed  earlier, all D T  T D C  channels were ca libra ted  a t 13 different flight 
in tervals . T h e  results of these  ca librations were used to  ob ta in  T D C  readou ts  in 
nanoseconds.
In s tead  of s ta r t in g  from scratch  to  derive the  T[,s and  th e  tim e-to-space 
functions (T om asch  et al. 1990, M cKee 1991), th e  old SMILI 1 t im e-to-space func­
tions were used to  ob ta in  a initial set of Tj,s. T hese  were i te ra ted  to  m inimize 
th e  residuals (f it ted  radius - m easured  radius) for ind iv idual SMILI 1 t im e-to-space 
function . T h e  re su ltan t  h is togram  of single D T  resolution using only events in  which 
all 16 D T  planes had  a h it  is shown in Fig. 5.8. As shown la te r ,  th is  400 f im  reso­
lu t ion  was sufficient to  ob ta in  the  sam e mass resolution for charge 2 as for SMILI 1 
which h a d  a corresponding  single D T  resolution of 125 f im. This h is togram  shows 
clearly th e  non-gaussian  features of th e  d is tr ibu tion  of the  residuals. This  is directly 
re la ted  to  p lo t ted  residuals which do not conform th e  gaussian d is tr ibu tion ,  since 
b o th  te rm s  (i.e. f i t ted  rad ius  and  m easured  rad ius) do not conform th e  gaussian 
d is tr ib u tio n ,  either. In th e  ideal case, when the  drift tu b e  is i l lum inated  uniformly 
by th e  charged  partic les , the  m easured  radii should be d is tr ib u ted  uniform ly and  
they  are always smaller th an  th e  radius of the  D T  wall and the  fitted  radii are highly 
corre la ted  w ith  th e  m easured  radii, b u t  they can be g rea ter  th an  th e  radius of the  
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F i g u r e  5.8: T h e  single drift tu b e  resolution expressed as the  difference between 
th e  radius from the  fitted tra jec to ry  and the  m easured radius for events in which 
all 16 D T  planes were hit.
5 .3  T O F  S y s t e m  R e s u l t s  a n d  D i s c u s s io n
T h e  purpose  of T O F  system  was to  form a trigger for the  SMILI in s t ru ­
m en t,  to  de te rm ine  th e  charge, and to m easure the  velocity of the  particle.
T h e  partic le  Time-of-Flight was m easured as the  difference of t im e when a 
partic le  hit S2 (b o t to m )  and t im e when it hit Si ( top) scintilla tors, in the  case of a 
dow nw ard going particle . This  t im e was indirectly m easured  by T D C s  which s ta r ted  
m easuring  t im e when they  were given a C O M M O N  STA RT signal by the  in s tru m en t 
trigger and  stopped  when each individual T D C  channels received a S T O P  signal 
from their  d iscrim inators.  If th e  S T O P  signal never arrived to  th e  par ticu la r  T D C  
channel before the  flight program  read it, this T D C  channel responded with an 
O V E R F L O W .
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T h e  charge of a par tic le  was inferred from th e  response of th e  SI and  S2 
scintilla tors  to  th e  charged partic le  passing th rough . This  response  was given by 
th e  A D C  as th e  in teg ra ted  charge.
5.3.1 The SMILI 1 TOF Data Analysis
T h e  work on SMILI 1 T O F  system  s ta r ted  from processing th e  SM ILI 1 
pre-flight T D C  c a l i b r a t i c " t o  ob ta in  the  correspondence betw een T D C  readou ts  in 
counts  and  t im ing  in nanoseconds. T h e  A DC pedesta ls  corresponding  to  th e  m uon  
and  flight d a ta se ts ,  in which all d a ta  was divided, were h is tog ram m ed  to  ob ta in  
th e  in fo rm ation  ab o u t  their s tability  over the du ra tion  of time. T h e  centro ids of 
A D C  pedesta l  d is tr ibu tions  were taken  as the ac tua l pedesta ls  for th e  corresponding 
d a tase ts .
T h e  ac tu a l  T ime-of-Flight of the  partic le  betw een SI and  S2 panels was 
de term ined  from th e  equation:
T O F  =  0.5 ■ (T | liglll +  T}|tghJ  -  0.5 • (TJ[liglu +  T j + J j  (5.12)
where i and j deno te  P M T s from the  S2 and S i scintilla tor, respectively.
T h e  i th  T D C  read o u t  corresponding to i th  P M T  is th e  sum  of several 
te rm s  which had  to  be determ ined  in the  course of d a ta  processing:
T D C ' =  T ‘ Ik1u +  T icilU +  T pmt +  T'walk +  T ‘clay (5.13)
T h e  m eaning  of each te rm  is explained below.
Thight ‘ th e  p ropagation  t im e from an absolute  tim e T  =  0 to  th e  sc in tilla tor w ith  
th e  i th  P M T .
Ticint '  th e  average tim e it takes the  light to  travel from th e  im p ac t  point to  th e
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scin ti lla tor  edge where th e  light is collected by a light guide. It  is equal to 
d / V ejr, where V,.fr is th e  effective speed of light in th e  sc in tilla tor and  d is the  
d is tance  from th e  im p ac t  position to the  edge of th e  scintilla tor.
T'PMX - th e  tim e, it  takes  for an ’’infinitely b r ig h t” light pulse p roduced  by  a charged  
partic le  in the  sc in tilla tor to  p ro p ag a te  from th e  edge of th is  sc in tilla tor  to  th e  
o u tp u t  of th e  d iscr im inato r  corresponding to  th e  i th  P M T  ac tiva ted  by this 
pulse.
T 'valk - th e  t im e difference betw een tim e when th e  infinitely high pulse t r ip s  the  
d iscr im inato r  and  th e  sam e tim e for the  ac tua l  pulse (Fig. 3.6) for th e  i th  P M T .
ToiTset '  cable delay betw een  the  i th  P M T  d iscr im inato r  o u tp u t  and  th e  corre­
sponding  T D C  S T O P  in p u t  assum ing the  logic would trigger on th is  pulse. 
This  delay includes also th e  pulse p ropaga tion  t im e from th e  i th  P M T  dis­
cr im ina to r ,  th rough  the  trigger logic to  the  S T A R T  of th e  corresponding  T D C  
m odule.
T h e  work to  de term ine  all constan t  and variable term s in Eq. 5.13 s ta r ted  
w ith  considering the  m uon  d a ta se ts .  Since g round level m uons  are  m ostly  relativis- 
tic, their  response did no t vary  significantly. T h e  m uon d a ta se ts  were recorded  w ith  
th e  m agne t  off and their  tra jec to r ies  were not affected by th e  m agne tic  field, so they  
followed s tra igh t  lines. T h e  events passing th rough  T O F  panels 2 and  6 , located  in 
th e  cen ter  of th e  geom etry  of the  de tec to r  (Fig. 2.10), were considered first. T h e  
te s ted  P H  A (pulse-height am p li tu d e )  time-walk dependences h ad  a form
a n d (jr, where Q is th e  in teg ra ted  charge from th e  A D C. T hese  p a r t icu la r  
functional forms were selected since they  reproduced  th e  P H A  tim e-w alk  d ep en ­
dence very  well when processing the  preflight T O F  ca libra tion  d a ta  (Section 3.1). 
T h e  t im ing  resolution in th is  case was es t im ated  as the  s tan d a rd  devia tion  of th e
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d is tr ibu tion
T O F  =  0.5 ■ ( T D C 11 +  T D C 12) -  0.5 • (T D C 3 +  T D C 4) (5.14)
w here  T D C  =  T D C  +  K • ( 1 / B  — Q - a ) is th e  tim e-w alk  corrected t im ing  and  a =  
1 / 2 ,1 ,3 / 2 ,  2. T h e  supersc rip ts  denote  T D C s  corresponding to  the  P M T s  located  on 
th e  T O F  panel 6 (first two te rm s)  and T O F  panel 2. A pplying a P H A  dependen t  
correction  in form  of K • (1 /B  — ^ j ) ,  K =  7.5 for P M T s  from SI T O F  panels , K 
=  6.5 for P M T s  from S2 panels , and  B =  3.16, im proved th e  s ta n d a rd  deviation  of 
th e  m uons  t im ing  d is tr ibu tion  (Eq. 5.14) by a factor of 2 from 773 ps down to  350 
ps. T h is  form of tim e-walk  correction p roduced  the  best tim ing  resolution  from all 
forms which were tes ted .
In  th e  nex t  s tep , we a t te m p te d  to  ob ta in  in form ation  ab o u t  th e  depen ­
dencies of V efr for th e  flight d a ta se t ,  where V,.fr is th e  average velocity of pho tons  
trave lling  th ro u g h  sc in tilla tor  e ither in s tra igh t p a th s  from th e  im p ac t  position to  
th e  light guide or th ro u g h  to ta l  in te rna l reflection by bouncing from th e  scin tilla tor 
edges. E leven regions were selected from th e  full range of the  scin tilla tor response 
and  a s tra ig h t  line was fit to  (T D C e — T D C \v )  as the  function of th e  position 
along th e  scin tilla tor .  T h e  superscrip ts  E and  W  denote  the  T D C s corresponding 
to  th e  E as t  and  W est P M T s ,  respectively. T he  lines were d raw n th rough  all eleven 
po in ts  for each  scintilla tor,  and  th e  V efr becam e a function of the  Pulse-H eight on 
th e  sc in tilla tor  (Figs. 5.9 - 5.15).
A fter apply ing  b o th  corrections, i.e. for th e  t ime-walk and th e  pulse p ro p ­
aga tion  along th e  sc in tilla tor ,  we p lo t ted  the  d is tr ibu tions  of (T D C e — TDCw)> 
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F i g u r e  5.9: T h e  Pulse-H eight V cf[ dependence for T O F  panel # 1  in SMILI 1 
d a ta se t .
for E as t  and  W est P M T , respectively, for the  relativistic helium  events , w ith  t r a ­
jec to r ies  w ith in  th e  m agnet bore. T he  s tan d a rd  deviations of these  d is tr ibu tions 
corresponded  to  a single P M T  resolution of 153 ps for T O F  panel 2 and  106 ps for 
T O F  panel 6 .
T h e  discussed tim e-w alk  correction and pulse-height dep en d en t  V efr were 
inc luded  w hen ca lculating  a  partic le  (3. T he  norm alized responses of S i  and  S2 
scin ti lla tors ,  corrected  for th e  pulse a t ten u a tio n  in th e  scintilla tor and  th e  angle of 
incidence, were p lo t ted  aga ins t  j3 (Figs. 5.16 and 5.17). B o th  plots show charge 
b an d s  p ro d u ced  by partic les  of different charge and  /3. W hen  a par tic le  /3 decreases 
below (3 ss 0.3, th e  partic le  s tops in the  S2 scintilla tor and  th e  response of th e  S2 
sc in ti lla to r is decreasing with  f3.
Initially, th e  ind iv idual charge bands, were digitized and  each  charge b and  
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F i g u r e  5.10: T h e  Pulse-H eight V,.fr dependence for T O F  panel # 2  in  SMILI 1 
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F i g u r e  5.12: T h e  Pulse-H eight V cfr dependence for T O F  panel # 4  in SM ILI 1 
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F i g u r e  5.14: T h e  Pulse-H eight V (;fr dependence for T O F  panel # 6  in SM ILI 1 
da tase t .
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F igu re 5.15: The Pulse-Height Vefr dependence for TOF panel # 7  in SMILI 1
dataset.
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de te rm ined  from  an  in te rp o la t io n  betw een  th e  re su l ta n t  fits. T h e  charge  d is tr i­
b u t io n  o b ta in ed  using th is  tech n iq u e  is shown in Figs. 5.18 and  5.19 for even ts  w ith  
/3 >  0.4 an d  which have th e  sam e charge in th e  S i  an d  S2 sc in tilla tors  accord ing  to 
th e  re la tions  (B e a t ty  et al. 1993)
A Z  =  (Zsi -  (Z -  0.25))2 +  (ZS2 -  (Z -  0 .25)2 <  1.0
(Z -  0.25) <  Zsi an d  (Z -  0.25) <  ZS2 (5.15)
where Zsi and  Zs2 a re  charges derived from th e  response of th e  SI and  S2 scin ti lla tor ,  
respectively  and  Z is an in teger charge equal to  th e  in teger  for which (Z — Z s i )2 -f 
(Z — Zs2) 2 <  0.5. This  form of th e  charge consistency te s t  e l im inates even ts  whose 
SI charge and  S2 charge are ou ts ide  th e  circle w ith  th e  rad ius  equa l to  one charge 
u n it  and  th e  cen te r  located  b y  0.25 charge u n i t  off th e  expec ted  in teger  charge  and  
yet allows even ts  w ith  L an d au  fluctua tions in th e  S i  and  S2 response.
T his  m e th o d  worked only for events w ith  0.4 <  /?, where th e  different 
isotopes of th e  sam e charge have the  sam e response. Below th is  l im it ,  partic les  
carrying th e  sam e charge, b u t  different m ass, have a  slightly different re sponse  in th e  
scintilla tor . This  prob lem  can be solved by m odelling th e  response of th e  scin ti lla tor .  
T h e  B T V  m odel (Salam on and  Ahlen 1982) d is tinguishes tw o co m p o n en ts ,  a  core 
and  a  halo, in th e  exc ita tion  energy density  profile c rea ted  along th e  t ra c k  of a 
charged  partic le .  T h e  core is a  region of high energy density  close to  th e  t ra c k ,  and  
it  is sub jec t to  n o nrad ia t ive  (’’quench ing” ) decay channels  of u nknow n  m echan ism s, 
which causes a  significant s a tu ra t io n  or a decrease in  th e  sc in tilla tion  efficiency (light 
yield per u n it  of energy deposit) .  T he  halo spans a la rger  space su r ro u n d in g  th e  
core, and  its  energy density  c rea ted  by slowing secondary  electrons (5-rays) ejected 
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F i g u r e  5.18: T h e  SMILI 1 charge d is tr ibu tion  from S i  scintillators. T h e  d o t ted  
line shows th e  d is tr ibu tions of charge 3 and higher enlarged by a  factor of 60.
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F i g u r e  5.19: T h e  SMILI 1 charge d is tr ibu tion  from S2 scintilla tors. T h e  d o t ted  
line shows th e  d is tr ibu tions of charge 3 and  higher enlarged by a factor of 60.
any sa tu ra t io n  in the  scin tilla tion efficiency. T h e  scintilla tion  efficiency in th e  B T V  
m odel is a  sum  of two com ponents:
g = A - ( i + B .((i : F : U / d x + F - )  <5 -i 6 >
where
A - an a rb i t ra ry  gain p a ram ete r ,
B s - th e  ’’sa tu ra t io n ” p a ra m e te r  describing quenching  of th e  core,
F s - the  fraction  of th e  energy deposit per un it  p a th  in g / c m 2 t ransferred  in to  the  
halo by 5-rays,
F  _  n , 1n(2mc'-’/ 3 V / T u )  ~  P 1 ( ,
F ‘ “  ° ' 5 l „ ( 2 m c W / I )  -  0 '- ( 1
/3 - th e  partic le  velocity in un its  of c,
7  =  (1 — (32) 2 - th e  Lorentz factor,
I - th e  m ean  ionization  p o ten tia l ,
T 0 - th e  m in im um  initial energy of a halo 5-rays de term in ing  th e  core-halo b o u n d ­
ary.
It  was not possible to  fit all th e  charge bands  using th e  sam e set of these 
th ree  p a ram ete rs  for e ither S i  and  S2 scintilla tors. T h e  only exp lana tion  was the  
deg rada tion  of the  T O F  P M T s  due th e  preflight exposure  to  th e  helium  gas from 
th e  m ag n e t  dewar. T h e  helium a tom s, which can easily p e n e tr a te  th e  P M T  glass 
shell due a  high perm eability  of glass to  He, during  collisions w ith  electrons, produce 
a  d ischarge (Incandela  et al. 1988), which results in afterpulses.  This  affects the  
response and  th e  tim ing  charac teris t ics  of the  P M T  at th e  larger pulses, which in 
tu rn  affected th e  efficiency of the  de tec ted  heavy charges. This  task , performed for 
th e  SM ILI 2 d a ta se t ,  is described in th e  nex t section.
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5 .3 .2  T h e  S M I L I  2 T O F  D a t a  A n a ly s i s
T h e  ixram difference betw een th e  S^ffL l 1 and S ^U L l 2 T O F  system s wjls 
in th e  way th e  Time-of-Flight was m easured  and  th e  in s t ru m en t  tr igger was formed. 
In  th e  case of th e  SMILI 1 in s t ru m en t ,  th e  trigger was form ed by th e  logical pulses 
from  4 d iscrim inators with  in p u ts  connected to  th e  T O F  P M T  anodes. In order to 
form  th e  trigger, these  logical pulses had  to  arrive within 200 ns a t th e  LeCroy 622 
Q uad  Coincidence U nit,  which generated  the  trigger (M cKee 1991). T h e  SMILI 1 
tr igger se tup  required  th a t  bo th  pairs of logical pulses had  to  orig inate  from the  
sam e scintilla tors i.e. two pulses had  to come from the same SI scin tilla tor ,  while 
th e  o th e r  two from the  same S2 scintilla tor. In this case, th e  d iscrim inators  coupled 
to  th e  T O F  P M T  anodes had  thresholds set high to assure th a t  m in im um  ionizing 
partic les  would no t trigger th e  in s t ru m en t .  B u t ,  on o ther  side, these  high thresholds 
caused, for small pulses, close to  the  th reshold , a very significant tim e-w alk  (i.e. 
t im ing  differences betw een low and  very high pulses, Fig. 3.6).
In SMILI 2, th e  tim ing  was m easured  using o u tp u ts  from discrim inators  
which had  thresholds set a t th e  lowest possible values (30 m V ) to  m inim ize time- 
walk. T hese  d iscrim inators  were coupled to th e  T O F  P M T  anodes th ro u g h  a split­
te r ,  which divided a pulse coming from th e  P M T  anode in to  two pulses. One of 
th e m  w ent to  th e  d iscrim inator and an o th e r  to the  ADC (A nalog-D igita l Converter).  
A n o th er  set of d iscrim inators  had their  th resholds set ’’h ig h ” . T hese  discrim inators, 
connected  to  the  T O F  P M T  dynodes, produced  logical pulses used to  genera te  the 
m as te r  trigger. B o th  sets of d iscrim inators  (on ’’h ig h ” and  ’’low” thresholds)  have 
the ir  o u tp u ts  connected to  T D C  S T O P s.  After th e  trigger was form ed, b o th  sets 
of T D C  channels were read by the  flight software, which required  th e  following 
conditions to  be satisfied in order to  form an event frame:
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- A t least one ’’h igh” threshold  T D C  channel from any  S i  T O F  panel and  one from
S2 panel had  their  readou ts  to  be smaller th an  th e  preset O V E R F L O W . If 
any  T D C  read o u t  corresponding  to  the  P M T  from one sc in tilla tor satisfied th is  
condition , a re ad o u t  from  th e  T D C  channel corresponding to  th e  P M T  from  th e  
opposite  side of th e  sam e scin tilla tor was pu t  in to  the  event fram e, regardless 
of its  value. Also, b o th  th e  A D C  readou ts  corresponding to  these  P M T s  were 
transferred  to  th e  event fram e, regardless of values of A D C  readou ts .
- T h e  T D C  read o u t  from ’’low” threshold  T D C  channel was w ri t ten  to  th e  event
fram e, only when its value was less th an  2000 i.e. an O V E R F L O W  value.
Table 5.13: T O F  T D C  sta tis tics  on fixed da tase t .
No. of events  w ith  more ’’h ig h ” threshold  TD C s
No. of events  w ith  m ore ’’low” threshold  T D C s




Table 5.14: T O F  T D C  sta tis tics  on th e  SMILI 2 d a ta se t  after th e  in itia l processing.
No. of events  w ith  more ’’h igh” threshold  T D C s 19416
No. of events w ith  m ore ’’low” threshold  T D C s 70133
No. of even ts  w ith  sam e n u m b er  of ’’low” and ’’h igh” thresh . T D C s 324667
This  com bination  of the  hardw are  setup and  th e  flight software caused, in 
a fraction  of events ,  a s i tu a t io n  in which there  was no correlation betw een readou ts  
from  ’’h ig h ” th resho ld  and  ’’low” threshold  T D C s. Table 5.13 gives th e  n u m b er  of 
events  which have equal n u m b er  of readou ts  from T D C s  whose S T O P  pulse came 
from  th e  d iscrim inators  on ’’h ig h ” threshold  and  on ’’low” th resho ld ,  as well as, the  
n u m b e r  of events  in which th e  num bers  of ’’low” and ’’h igh” T D C  readou ts  differed. 
T hese  s ta t is t ics  were de term ined  using a fixed d a ta se t  and  for events w ith  th e  event
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n u m b er  s ta r t in g  from  1,049,999. In ab o u t  16% of all events th e re  were m ore  readou ts  
from  ’’h ig h ” th resho ld  T D C s  th a n  from ’’low” threshold  T D C s. Table 5.14 presents  
similar s ta t is t ics  for th e  d a ta s e t  ob ta ined  as the  result  of th e  in itial processing of the  
fixed d a ta se t .  In th is  case, only 4.7% of all events of th e  initially processed d a ta se t  
have m ore  ’’h ig h ” th resho ld  T D C  readou ts  than  ’’low” th reshold  T D C  readou ts .
I t  ap p ea red  la ter ,  du ring  d a ta  analysis, th a t  a l though  th e  ’’h ig h ” th resho ld  
T D C  read o u t  from a  P M T  dynode  was in the  DATA fram e and  the  corresponding 
A D C  re ad o u t  from  th e  sam e P M T  anode, th e  corresponding ’’low” th resho ld  or 
t im in g  T D C  read o u t  from th e  P M T  anode was missing. Analysis of these events 
showed, th a t  th e  ’’h ig h ” th resho ld  T D C s  corresponding to  th e  missing ’’low” th re sh ­
old T D C s  in all cases had  overflows, and the  corresponding ADCs were very low, 
below th e  ac tua l  th reshold . T h e  analysis p rogram , described in deta il  in  th e  nex t 
ch ap te r ,  d iscarded  events  if th e  T O F  scintilla tor selected by the  poin ting  of th e  D T  
track  and  th e  ’’h ig h ” th resho ld  T D C s did not have corresponding ’’low” threshold  
T D C s .  In order to  d e te rm in e  which T O F  scintilla tor was hit by th e  charged p a r ­
ticle, th e  T O F  rou tine  required ’’h ig h ” threshold  T D C  readou t  from b o th  P M T s  
on th e  sc in ti lla tor  panel and ,  to  derive the  ap prop ria te  t ime-walk correction for the  
’’low” th resho ld  T D C  re ad o u t ,  a  p rope r  AD C value was required. ’’H igh” T D C  
read o u ts  could no t be  used to  de term ine  th e  Tim e-of-Flight, since one of th em  had  
an  O V E R F L O W  and  th e  corresponding  ADC read o u t  was useless to  de term ine  a 
tim e-w alk  correction.
E ach  T O F  T D C  channel m easured  the  tim ing  re lative to  the  ST A R T  pulse. 
T h e  logical S T A R T  pulse was formed by the  in s t ru m en t  trigger which in tu rn  was 
com pleted  when th ree  pulses from at least th ree  T O F  P M T  ’’h ig h ” th resh o ld ” 
LeCroy 821 d iscrim inators  were in coincidence. T h e  trigger was com pleted  when
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th e  th i rd  pulse arrived to  th e  Phillips 755 Coincidence Unit.  O ne can assum e th a t  
th is  was th e  pulse which s ta r te d  all T D C  channels. A n o th er  o u tp u t  from  th e  sam e 
’’h ig h ” th resho ld  d iscr im inato r  went to  a S T O P  of th e  corresponding  T D C  channel.  
T h e  pulses which caused th e  S T A R T  and S T O P  of th e  same T D C  channel arrived 
by  tw o different p a th s .  T h e  S T A R T  pulse went th ro u g h  logic un its  while th e  S T O P  
pulse w ent th ro u g h  cable delays. For all events in which this T O F  ’’h ig h ” th resho ld  
d iscr im inato r  channel com ple ted  a trigger, the  m easu red  t im ing  should  be cons tan t .  
T h e  P M T  which com pleted th e  trigger was derived by sorting ’’h ig h ” th resho ld  T D C  
read o u ts  in increasing order and selecting the  th ird  T D C  read o u t  as the  read o u t  
coming from th e  T D C  channel connected to th e  T O F  P M T  whose dynode  pulse 
com pleted  th e  trigger. T D C  readou ts  coming from the  P M T s  which com pleted  
th e  trigger were p lo t ted  versus th e  event n u m b er  (Figs. C.15 - C.28). N ote  th a t  
th e  few h u n d red  picoseconds drift varies w ith  te m p e ra tu re  at th e  C A M A C  cra te  in 
which th e  T D C  modules were located  (Fig. B.40) Fig. 5.20 shows th e  d is tr ibu tion  
of th e  P M T s  which com pleted  the trigger. T h e  larger n u m b er  of events  in which 
th e  in s t ru m en t  trigger was com pleted  by th e  pulses coming from th e  P M T s  on th e  
E as t  side of th e  de tec to r  can be explained by the  higher S i  E as t  and  S2 E as t  ra tes  
(Figs. 4.9, 4.11) com pared  to  th e  SI W est and  S2 W est ra tes  (Figs. 4.10, 4.12). This  
effect can be a t t r ib u te d  to  th e  High Voltage sett ings  on T O F  P M T s  (Table 5.15) 
which caused a faster pulse rise t im e in the  T O F  P M T s  on th e  h igher H V setting.
W h en  analyzing SM ILI 2 d a ta ,  a par tic le  Tim e-of-Flight was de term ined  
using read o u ts  from T D C  channels  whose S T O P  pulses were coming from  ’’low” 
th resho ld  d iscrim inators .  Eqs. 5.12 and 5.13 were valid also for th e  SM ILI 2 
d a t a  analysis. All term s, which go in to  Eq. 5.13, were de term ined  by m in im iz­
ing |Tjji ht — T^jOjJ, where i and i +  1 denote  P M T s  on th e  opposite  side of th e
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H V DAC 
C hannel
H V  Setting
(V)
1 S1E1 3 S2W 1572 2 S1W 1 0 S 1E 1418
3 S1E2 1 S2E 1523 4 S1W2 0 S 1E 1418
5 S1E3 1 S2E 1523 6 S1W3 0 S 1E 1418
7 S1E4 2 S1W 1457 8 S1W4 2 S 1W 1457
9 S2E1 3 S2W 1572 10 S2W1 2 S 1W 1457
11 S2E2 1 S2E 1523 12 S2W2 0 S 1E 1418
13 S2E3 3 S2W 1572 14 S2W3 2 S 1W 1457
T a b l e  5.16: Values of th e  p a ra m e te r  A in the  t ime-walk correction  and  th e  V efr for 
th e  SM ILI 2 scintilla tors.
T O F
scintilla tor
A (E a s t  P M T ) A (W est P M T ) V efr
(c m /n s )
1 17.085 17.523 17.112
2 17.692 17.482 16.971
3 17.050 17.524 16.982
4 17.072 17.609 16.993
5 18.265 17.537 17.011
6 17.026 17.633 16.779
7 17.968 17.737 16.655
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sam e scintilla tor. T h e  pulse p ropaga tion  tim e Tscint from th e  partic le  im p ac t  po ­
s ition to  th e  edge of th e  sc in tilla tor  was p aram etr ized  as where th e  d istance 
d was o b ta in ed  using th e  ro u tin e  which determ ined  partic les tra jec to r ies  w ith  the  
accuracy of th e  D T  wire positions. T 'va|k was p aram etr ized  as q^ ,  where Q is 
th e  in teg ra ted  charge from th e  A D C . Values of th e  p a ram e te r  A in th e  t ime-walk 
correction  for each  P M T  and  V err for each scin tilla tor are shown in Table  5.16. T he  
difference in th e  func tiona l form  of th e  t ime-walk correction used in SM ILI 1 ( Q -0-5) 
and  SMILI 2 d a ta  analysis (Q ~° '2°) is th e  result  of th e  difference in th e  thresholds 
of th e  d iscrim inators  provid ing  logical pulses to the  T O F  T D C s which m easured  
th e  Time-of-Flight in these two experim ents .
All o th e r  corrections were tre a ted  as constan t  offsets which were ad justed  
th ree  times. Initially, th e  offsets were ad jus ted  to  have th e  cen tro id  of th e  relativistic 
helium  d is tr ibu tion  for each T O F  panel a t (3 =  1 and to  m ake  th e  signal from th e  
Cerenkov de tec to r  tu rn  on for every com bination  of SI and S2 panels a t /3 abou t  0.75 
- 0.76 on the  p lots of th e  signal from th e  Cerenkov detec to r versus T O F  b e ta .  N ext, 
t im ing  offsets were read ju s ted ,  to  m ake th e  charge bands overlap, respectively  for the  
SI and  S2 scintilla tors . T h e  final tu n e  up of th e  offsets was m ad e  using charge 1 and 
charge 2 m ass d is tr ibu tions .  A dding  100 ps to a lready existing offsets cen tered  all 
mass d is tr ibu tion  in  am u  at the ir  respective in teger values. T h e  t im ing  resolution of 
th e  SMILI in s t ru m e n t ,  shown in Fig. 5.21, was calculated  as th e  single P M T  timing 
resolution defined as o t o f  =  0-^ ' (TO F|-  — T O F w )  where T O F e ,T O F \v  are T O F  
ca lcu la ted  using only t im ing  from E as t  S i  and S2 P M T s  and W est S i  and  S2 P M T s ,  
respectively.
Besides norm alizing t im ing  from all S i  and  S2 scintilla tors , th e  scintilla tor 
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F igu re  5.21: The SMILI 2 single PMT TOF resolution.
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to  m a tc h  th e  response  of all P M T s ,  by ad jus t ing  high voltages and  t r im m ing  po ts ,  it 
was obvious, by  looking a t th e  response of different scintilla tors  for charges 2 and  6 , 
t h a t  gains did  no t  m a tc h  perfectly. A n o th er  effect involved was th e  a t te n u a t io n  of 
th e  light w hen i t  was p ro p ag a t in g  th ro u g h  th e  scintilla tor . T h e  response  of th e  P M T  
to  th e  par tic le  h i t t in g  th e  sc in tilla tor close to  th is  P M T  was up to  80% larger th a n  if 
th e  sam e par tic le  h i t  th e  sc in tilla tor close to  th e  opposite  end. In o rder  to  de term ine  
th e  m ag n i tu d e  of th is  effect, all scintilla tors  were divided in to  twelve segm ents of 
25 cm x 8.33 cm. For each segm ent,  a h is tog ram  of th e  re la tiv is t ic  helium  response 
w ith  0.92 < j3 < 1.02 was m ade .  T h e  im p ac t  position of th e  re la tiv istic  helium 
on th e  scin ti lla tor ,  was de term ined  using results  from the  ro u tine  which calculated  
pre lim inary  tracks  using positions of the  D T  wires and  requiring a t  least 3 h i t  D T  
in each  D T  section. E ach  h is tog ram  was fit ted  w ith  a G aussian  func tion  to  get th e  
ap p ro x im a te  cen tro id  of the  d is tr ibu tion .  T h e  results were p lo t ted  against th e  Y - 
coord ina te  of th e  scintilla tor and fitted  with an exponen tia l  func tion  (Figs. 5.22 - 
5.28). T h e  a t te n u a t io n  lengths from the  SMILI 2 d a ta se t ,  derived from  relativistic 
helium , varied  from  152 cm up to  198 cm. T h e  a t te n u a t io n  leng th  given by th e  
m an u fa c tu re r  is 210  cm, while th e  a t te n u a t io n  leng ths  o b ta in ed  from th e  pre-flight 
T O F  ca lib ra tions  using a  20Ne beam  w ith  th e  k inetic energy 660 M eV /nuc leon  at 
LBL varied from  200 cm up to  240 cm (Section 3.1).
T hese  sc in tilla tor  m aps  m ade  with  re la tiv istic  helium , and  th e  scin tilla tor 
response to  re la tiv is t ic  ca rbon , were used to rem ove a t te n u a t io n  effects and  to  no r­
malize th e  responses of all S i  and  S2 scin tilla tors  assum ing, th e  re la tiv istic  helium  
response a t  40 pC and  th e  re la tiv is tic  ca rbon  response a t  300 pC for all scintilla tors.
T h e  a sy m m etry  in th e  response from E as t  and  W est P M T s  on m ost of th e  
T O F  scin tilla tors  can be a t t r ib u te d  to  th e  higher se ttings on th e  High Voltage Power
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F i g u r e  5.22: A tten u a tio n  of th e  relativistic helium pulse in T O F  scintilla tor # 1 .
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F igu re  5.27: Attenuation of the relativistic helium pulse in TOF scintillator # 6 .
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F i g u r e  5.28: A tten u a t io n  of the  relativistic  helium  pulse in  T O F  scin tilla tor # 7 .
supplies provid ing  th e  high voltage to P M T s  on th e  E as t  side of th e  in s t ru m en t  
(Table  5.15). Since T O F  panel 4 had  th e  sam e HV on bo th  i ts  P M T s ,  it  response 
was highly sym m etric .  Originally, the  HV settings for each P M T  were designed to  
com pensa te  for th e  differences in gains as de term ined  from tes ting  th e  T O F  P M T s  
before th ey  were m o u n ted  to  th e  scintilla tors (Section 2.3), while t r im m ing  pots  P I  
and  P 2  on th e  P M T  bases were ad jus ted  to  m a tch  the  response of P M T s  on th e  
sam e high voltage. B u t  th e  h igher settings of th e  high voltage on th e  P M T s  with  
lower gain overcom pensated  th e  differences in gain.
A fter achieving t im ing  resolution of 112 ps and norm alizing th e  scintilla­
to r  responses, each charge b an d  (Figs. 5.29 - 5.30) was digitized and  a fifth order 
po lynom ial was fit to  each charge. T he  polynom ial fits were used  to  calculate  a 
charge of th e  partic le  knowing its norm alized response in SI and  S2 and  its (3. This  
ro u t in e  worked down to  /3 =  0.4 due to th e  fact th a t  below (3 — 0.4 th e  different 
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F igu re  5.30: The normalized response of S2 scintillators.
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T his  obstacle  was resolved la ter ,  when a new charge rou tine  was developed 
(C lem  1993a). This  ro u tine  was based on the  B T V  m odel (Salam on an d  Ahlen 1982) 
discussed in  th e  preceding section. Since it was not possible to find one set of T 0, 
F s, an d  B s, which would fit all charges s ta r t in g  from th e  low energy hydrogen  up 
to  re la tiv is tic  fluorine, th ree  sets of these p aram ete rs  were estab lished  for different 
charge ranges (T ab le  5.17).
T h is  ro u tine  de term ined  th e  charge of th e  partic le  when /3 was between
0.1 - 0.95. In o rder to  de te rm ine  the  response of th e  SI and  S2 scintilla tors ac­
cording to  th e  m odel, the  kinetic energy a t the  top  of S i  and  S2 panels , for each 
of 21 isotopes which could be detec ted  by the  SMILI in s t ru m en t ,  had  to  be  de­
te rm ined . T h is  was done by p ropaga ting  th rough  the  in s t ru m en t  a par tic le  which 
was undergoing  ion ization  energy loss in the  different media. T h e  partic le  kinetic 
energy  a t  th e  top  of th e  S i  scin tilla tor was ad jus ted  until  th e  Tim e-of-Flight, cal­
cu la ted  by  p ro p ag a t in g  a partic le  th rough  th e  SMILI stopp ing  m edia, m atch ed  
th e  ac tu a l  T im e-of-Flight determ ined  from the  flight da ta .  T h e  smallest value of 
ZR A D  — y  ( y jSlrcsp. ' \J S 1 b tv  resp.) S2respi y jS2 B'f y rcsp.) i.e. th e  deviation 
of th e  ac tu a l  response  in th e  S i  and S2 scintilla tors from th e  response derived from 
th e  m odel,  de te rm ined  which one of 21  isotopes was corresponding  to  th e  ac tua l 
event.  T h e  inc iden t k inetic energy of th e  partic le  a t th e  top  of th e  SI scintilla tor, 
de te rm in ed  in th is  p rocedure , was used la te r  to  bin events in to  th e  p roper energy 
ranges (Section 7.1.5). Figs. 5.31 shows the  charge d is tr ibu tions  ob ta ined  as a re­
sult of m odelling  th e  response of th e  SMILI scintilla tors. T h e  p lo t te d  events  had  
to  pass th e  charge consistency tes t  ZRAD <  1.5, equivalent to  th e  SM ILI 1 charge 
consistency te s t  discussed in th e  preceding section.
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T a b le  5.17: Parameters of the BTV model used to determine the particle charge.
z A Bs( g /M e V /c m 2) T 0(M eV)
1 2.719 11.497 • 10~:t 16.742 • i o - ;i
2 - 4 2.794 9.691 • 1 0 - ;‘ 15.354 • 10
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F i g u r e  5.31: T h e  SMILI 2 charge d is tr ibu tion . T h e  d o t ted  line shows th e  d is tr i­
bu tions  of charge 3 and  higher enlarged by a  factor of 60.
C H A P T E R  6
DATA ANALYSIS
T h e  first p a r t  of this ch ap te r  discusses th e  processing of raw  d a ta  in to  
physically  m eaningful quan ti t ie s .  T h e  m ain  p rogram , as well as required sub rou­
tines, were developed by Shawn McKee (1991) and were thorough ly  debugged and  
correc ted , where necessary. New in terface rou tines,  hand ling  read ing  and  writing  
of th e  raw  d a ta  in th e  new, m ore  efficient fo rm at,  were developed and  thoroughly  
tes ted .  T h e  T O F  rou tine ,  which calculates a partic le  Tim e-of-Flight, required  m a ­
jo r  m odifications due to  differences in the  trigger se tup  betw een  th e  first and  second 
flight. T h e  m ap  for th e  new Cerenkov de tec to r was ob ta ined  using rela tiv istic  h e ­
lium , and  th e  old ro u tin e  which calculated  a partic le  /3 was modified to  incorpora te  
th e  differences betw een  th e  new and  old Cerenkov detec tor.  T h e  second p a r t  of 
th is  ch a p te r  addresses th e  SMILI in s t ru m en t  resolution re levant to  th is  work and  
discusses th e  ad d it io n a l  analysis criteria  applied to  th e  d a ta  in order to  im prove th e  
m ass resolution.
6.1 D ata Processing Results
T h e  in p u t  to  th e  d a t a  analysis p rogram  was genera ted  by th e  in itia l d a ta  
processing described in  th e  previous chap te r .  This  in p u t  was s tored  in five disk files 
to  speed up d a ta  analysis by runn ing  five d a ta  analysis p rogram s simultaneously.
T h e  p ro g ram  consisted of calls to  several rou tines, which p roduced  th e  final 
in fo rm ation  ab o u t  th e  processed event,  if  the  event passed the  tests  discussed below. 
T h e  events  in th e  in p u t  d a ta se ts  were already tes ted  during  the  in itia l processing
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for any flagged h a rd w are  errors and  the  m ax im um  n u m b er  of allowed drift tubes  
h it .  T h e  U N P A C K  rou tine  which perform ed these tests  also split th e  inform ation  
s tored  in  raw  fram es. Originally, this rou tine  flagged a serious error,  an d  th e  event 
was no t fu r th e r  processed, w hen th e  D T  index was ou t of range ,  i.e. smaller th an  
1 or larger th a n  512, or th e  D T  T D C  readou t was out of range, i.e. smaller th an  1 
or larger th a n  512. T h e  modified version of the  U N P A C K  ro u tine  did not discard 
such events; in s tead  the  D Ts with  the  corresponding D T  index or T D C  readou t  out 
of range, were ju s t  not included in the  list of DTs used la te r  to  derive a particle 
tra jec to ry .
T h e  F IL T E R  ro u tin e  tes ted  each hit D T  to see w h e th e r  it belonged to  one 
of th e  lists of D Ts which could form possible tracks th rough  th e  m agne t  bore. These 
lists of D T s were genera ted  earlier by one of th e  M onte  Carlo p rogram s. If the  hit 
D T  belonged to  a  possible t rack ,  this D T was re ta ined , o therw ise  it  was discarded. 
In  th e  case of several possible t racks, only those tracks were re ta ined  which had  the  
largest n u m b er  of h it  D Ts in th e  D T  section. If there  was still am biguity ,  th e  tracks 
form ed above and  below th e  m agnet were com pared, and  only one track  above the 
m ag n e t  and  one t rack  below it were selected in each p ro jec tion . T h e  selected tracks 
h ad  to have th e  sm allest closest approach  distance a t the  cen te r  of th e  m agne t  bore 
(Z =  0 cm). T h e  event was fu r th e r  processed if it had  a certa in  m in im um  n u m b er  
of D T s h it in each section and  a t m ost th e  event could have two h it  drift tubes  per 
plane. T h e  correctness of th is  p rocedure  was tes ted  by displaying all h it  drift tubes  
and  drift tu b es  selected to  form  prelim inary  tracks. T he  efficiency of th is  a lgorithm  
was de te rm ined  to  be a lm ost 100% (B ea tty  et al. 1993).
D a ta  from the  T O F  system  was tes ted  by the  G E T .T O F  rou tine . T he 
po in ting  to  th e  SI and  S2 scintilla tors by the  D T  tracks were tes ted  against the
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T O F  po in ting  de term ined  using available ’’h ig h ” th resho ld  T D C  readou ts .  In  th e  
case of a few SI or S2 h it  sc in tilla tors ,  only those T O F  panels which were closest to  
th e  D T  t rack  poin tings were selected. T he  P M T  which com ple ted  th e  trigger (its 
T D C  read o u t  had  to  be  the  th i rd  largest)  had  to  belong to  any  of th e  selected T O F  
panels. In o rder  to  correct th e  raw T D C  read o u t  by th e  pu lse-height dependen t  
correction, th e  selected T O F  panels had  to have b o th  sets of T D C  readou ts  (i.e. 
from th e  T D C  channels connected  to  the  d iscrim inators  a t ’’h ig h ” th resho ld  as 
well as th e  d iscrim inators  a t ’’low” th reshold) as explained in th e  previous ch ap te r  
when discussing th e  SMILI 2 T O F  d a ta  analysis. T h e  call to  the  G E T .T O F  rou tine  
resulted  in th e  pre lim inary  partic le  Tim e-of-Flight, (3, and  th e  t im ing  delay ( T t o f  in 
Eq. 5.11) necessary to  derive drift times by th e  F IN D _ T R A C K  rou tine . This  tim ing  
delay included a p ropagation  tim e along the  sc in tilla tor selected as com pleting  the  
in s t ru m en t  trigger, a  p ro p ag a tio n  t im e from the  edge of this sc in ti lla tor  to  the  
d iscrim inator channel corresponding  to the  P M T  whose dynode  pulse com pleted  
th e  trigger, a tim e-w alk  re la ted  to  th e  tim ing  difference betw een an infinitely large 
pulse and  th e  ac tua l  pulse, and  th e  p ropagation  of th e  pulse from th e  d iscrim inator 
o u tp u t  to  th e  LeCroy 622 Q uad  Coincidence Unit which form ed a C O M M O N  S T O P  
pulse for th e  LeCroy 4298 D T  T D C  Controller.
T h e  F IN D _T R A C K  rou tine  determ ined  a m ore accu ra te  partic le  t ra je c to ry  
using track ing  inform ation  p roduced  by the  F IL T E R  rou tine  and  th e  D T  T D C  
readou ts .  T D C  readou ts  from drift tubes ,  selected by the  F IL T E R  rou tine ,  were 
converted  in to  nanoseconds using results of th e  flight D T  T D C  ca librations. T he  
drif t- t im e was de term ined  by su b trac t in g  offsets from the  raw T D C  readou t .  One 
offset was a co n s tan t ,  and  th e  second offset depended  on the  d is tance  of th e  drift 
tu b e  in question  to  th e  T O F  scintilla tor whose P M T  com pleted  th e  in s t ru m en t
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trigger and  th e  partic le  f3. F rom  th e  drift t im e, one ob ta ins  the  m easu red  rad ius ,
i.e. the  d is tance  of th e  partic le  t ra je c to ry  to th e  D T  wire, if th e  t im e-to-space 
function  is known. In this case, the  SMILI 1 t im e-to-space functions were applied. 
T h e  m easured  radii were used to  de term ine  th e  ac tu a l  tan g en t  points  of th e  partic le  
t ra je c to ry  by selecting from th e  n u m b er  of possible tan g en t  points  only those  which 
gave the  smallest sum  of squared  d istances which sep a ra ted  th em  along th e  possible 
p a th s  (M cKee 1991). S tra igh t lines were fit to the  selected tan g en t  po in ts  and  the  
d is tance of closest approach  of the  fitted  line to th e  D T  wire form ed th e  fit ted  
radius. T h e  w id th  of th e  d is tr ibu tion  of the  difference be tw een  f i t ted  an d  m easured  
radii was used as th e  in d ica to r  of th e  track ing  resolution. This p rocedure  re ta ined  
at m ost one D T  h it per plane. T he  n u m b er  of survived D Ts was tes ted  aga ins t  the  
allowed m in im um  n u m b er  of h it  DTs by the  C H E C K _ D T .R E Q  ro u tin e  to  decide 
w he the r  to  re ta in  this event for fu r the r  processing.
More accu ra te  track ing  in fo rm ation  was applied  by th e  second call to  the  
T O F  rou tine .  T h e  sam e tes ts  were perform ed as in th e  first call and  a  new Time- 
of-Flight was ob ta ined .  This  tim ing  inform ation  and  th e  im pac t  positions of th e  
partic le  on th e  scin tilla tor were used to  correct th e  scintilla tor responses for th e  
a t te n u a t io n  and  to  de term ine  th e  partic le  charge by th e  C H A R G E  rou tine ,  using 
a t  this point the  polynom ial fits to  the  charge bands. In the  sam e way, th e  partic le  
charge in th e  S3 de tec to r  was ca lculated  by the  G E T -S3  routine.
T h e  rou tine  R IG ID IT Y  u p d a te d  th e  track ing  in fo rm ation  by inserting  
m ore artificial points  betw een  points  derived from drift tu b es  and  called th e  MO- 
M E N T M  routine . This  rou tine  in teg ra ted  th e  equa tion  of m otion  of a charged 
partic le  in th e  uniform  m agnetic  field using a qu in tic  spline fit to  derive th e  p a r t i ­
cle rigidity (W in d  1974). This  p rocedure  required  knowledge of th e  m agne tic  field,
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which for th e  SM ILI m ag n e t ,  was ca lculated  using known ana ly tic  form ulas (M cKee 
1991) for tw o  single loop coils and  ex tend ing  to m ultip le  loops in th e  direction  of the  
coil p lane  and  in th e  no rm al direction. T he  final m agnetic  field was de term ined  to 
one o c ta n t  of th e  in s t ru m e n t ,  and  for a grid with  points  sep a ra ted  by  0.25 cm due 
to  th e  co m p u tin g  t im e constra in ts .  T h e  field at any point was ca lcu la ted , applying 
th e  know n sym m etries  and  in te rp o la t in g  from known values on th e  grid.
Besides th e  rigidity, th e  M O M E N T M  rou tine  re tu rn ed  th e  f i t ted  tra je c ­
tory , which was used to  o b ta in  th e  ac tua l  partic le  p a th len g th  betw een th e  SI and  S2 
scin tilla tor.  T h e  M O M E N T M  tra jec to ry  was tes ted  by th e  C H E C K _ T R A C K  ro u ­
tine  which required  this t r a je c to ry  to  be inside the  m agnet bore to  w ith in  0.1  cm.
T h e  rou tine  G E T _C K  calculated  /3 using in fo rm ation  from th e  Cerenkov 
d e tec to r ,  T O F  charge, and  th e  tracking.
All processed d a ta  was w ri t ten  to an o u tp u t  file, if th e  even t satisfied the  
following requ irem ents:
•  T O F  po in ting  from th e  hit T O F  P M T s ,  inferred using readou ts  from  ’’high”
th resho ld  T D C  channels ,  had  to  agree w ith  the  track ing  poin ting  to  w ithin 
2.0 cm a t  th e  second call to  the  T O F  routine.
•  T h e  P M T ,  which com pleted  th e  trigger ( th ird  T D C  readou t  af te r  sorting T D C
read o u ts  from th e  ’’h ig h ” threshold  d iscrim inators in  increasing order) ,  had  
to  belong to  one of the  T O F  scintilla tors selected by m a tch ing  D T  and  T O F  
poin ting .
•  T h e  T O F  scin tilla tors ,  selected by m a tch in g  track ing  and  T O F  po in ting , had  to
have  b o th  ’’h ig h ” and  ’’low” th reshold  T D C  readouts .
•  A fter re ta in ing  only one D T  h it per plane, a t least 2 D T planes had  to  be h it  above
an d  below th e  m agne t  in th e  non-bending  plane and a t  least 3 planes above
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an d  below th e  m agnet in th e  bend ing  plane. A dditional criterion  required  th a t  
a t  least 3 h it  D T s in the  non-bend ing  plane had  to  be in different D T  cham bers 
an d  a t  least 4 h it  D Ts in th e  bend ing  plane had  to  be in different D T  cham bers.
•  T h e  n u m b e r  of i te ra tions  in the  F IN D .T R A C K  ro u tin e  which checks if th e  t ra c k ­
ing in fo rm ation  from orthogonal D Ts is consistent had  to be less th a n  2.
• /3 m u s t  be  above 0.4 in order to  de term ine  the  partic le  charge using polynom ial
fits.
• T h e  t ra je c to ry  fit ted  by th e  M O M E N T M  rou tine  m ust  be a t m ost 0.1 cm off the
m ag n e t  bore.
T h e  results  of th is  d a ta  processing are p resented  in Tables 6.1 - 6 .6 .
T h e  G E T _ T O F  rou tine  removed in to ta l  3061 events in which T O F  scintil­
la to rs  selected by m a tch ing  th e  ’’h ig h ” threshold  T D C  channels and  th e  D T  t rack ­
ing did not have ’’low” th reshold  T D C  readouts .  This  m eans, th a t  3061/(3061 -f 
78145) =  3.77% were discarded due to  the  hardw are  se tup  and  th e  requ irem ents  of 
th e  flight software.
T h e  processed d a ta  was saved into a file which had  th e  fo rm at of the  n tup le  
m ad e  by H B O O K  (C E R N L IB R A R Y  software package) linked w ith  th e  processing 
p ro g ram . This  file could be easily accessed e ither in teractive ly  using a  PAW  (an­
o th e r  C E R N  software package) or a F O R T R A N  program  which m u s t  be linked with 
C E R N L IB R A R Y  software.
T h e  final file contained  78,145 events. T h e  in fo rm ation  ab o u t  each event 
was s tored  in th e  record which originally had  157 entries. This  file was fu r the r 
processed by  th e  p rogram  calculating th e  partic le  charge for the  range of /3 between 
0.0 an d  0.95 using the  B T V  model and  eleven m ore entries were added  to  each 
even t.  Due to  limits im posed on /3 (0.0 < (3 < 0.95), th e  n u m b er  of events for
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T ab le 6.1: Results of the final processing of FILE-1.
T ota l  n u m b er  of events 84,112 1 0 0 .0 0 %
R o u tin e  nam e No. of re jected events F raction F rac tion
FIL T E R (2 ,2 ,3 ,3 ) 28,248 33.58% 41.05%
G E T .T 0 F 1 6,515 7.75% 9.47%
F IN D .T R A C K 7 CO CO M o 1 23 10.2  • 1 0 " 3%
C H E C K .D T .R E Q 1,299 1.54% 1.89%
G E T _ T 0 F 2 7,912 9.41% 11.50%
C H A R G E 0
G E T .S 3 0
R IG ID IT Y 0
C H E C K .T R A C K 24,834 29.53% 36.09%
G E T .C K 0
No. of passed events 15,297 18.19%
No. of rejected  events 68,815 81.81% 1 0 0 .0 0 %
T a b l e  6.2: R esults  of the  final processing of FILE-2.
T o ta l  n u m b er  of events 87,043 1 0 0 .0 0 %
R outine  nam e No. of rejected events Fraction Frac tion
FIL T E R (2 ,2 ,3 ,3 ) 28,619 32.88% 40.65%
G E T . T O F l 6,634 7.62% 9.42%
F IN D .T R A C K 6 6.9 • 10"3% 8.5 • 1 0 -3%
C H E C K .D T .R E Q 1,464 1 .6 8 % 2.08%
G E T .T O F 2 8,279 9.51% 11.76%
C H A R G E 0
G E T .S 3 0
R IG ID IT Y 0
C H E C K .T R A C K 25,401 29.18% 36.08%
G E T .C K 0
No. of passed events 16,640 19.12%
No. of re jected events 70,403 80.88% 1 0 0 .0 0 %
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T able 6.3: Results of the final processing of FILE-3.
T ota l  n u m b e r  of events 84,997 1 0 0 .0 0 %
R outine  nam e No. of rejected events Frac tion Frac tion
F IL T E R (2 ,2 ,3 ,3 ) 26,596 31.29% 38.51%
G E T . T 0 F 1 6,554 7.71% 9.48%
F IN D .T R A C K 8 9.4 • 1 0 - ;i% 11.6  • 1 0" 3%
C H E C K .D T .R E Q 1,483 1.75% 2.15%
G E T . T 0 F 2 8,336 9.81% 12.07%
C H A R G E 0
G E T .S 3 0
R IG ID IT Y 0
C H E C K .T R A C K 26,094 30.70% 37.78%
G E T .C K 0
No. of passed events 15,926 18.74%
No. of re jected events 69,071 81.26% 1 0 0 .0 0 %
T a b l e  6.4: R esults  of th e  final processing of FILE-4.
T ota l  n u m b er  of events 83,718 1 0 0 .0 0 %
R outine  nam e No. of rejected events Fraction Frac tion
F IL T E R (2,2 ,3 ,3) 26,905 32.14% 39.83%
G E T .T O F 1 6,482 7.74% 9.60%
F IN D .T R A C K 7 8.4 ■ 10~3% 10.4 • 10“ 3%
C H E C K .D T .R E Q 1,291 1.54% 1.91%
G E T .T O F 2 7,714 9.21% 11.42%
C H A R G E 0
G E T .S 3 0
R IG ID IT Y 0
C H E C K .T R A C K 25,157 30.05% 37.24%
G E T .C K 0
No. of passed events 16,162 19.31%
No. of re jected  events 67,556 80.69% 1 0 0 .0 0 %
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T ab le 6.5: Results of the final processing of FILE-5.
T ota l n u m b e r  of events 74,346 1 0 0 .0 0 %
R o u tin e  n am e No. of rejected  events Frac tion Frac tion
F IL T E R (2 ,2 ,3 ,3 ) 24,515 32.97% 40.71%
G E T . T 0 F 1 5,548 7.46% 9.21%
F IN D .T R A C K 7 9.4 • 1 0 -3% 11.6  • 10" 3%
C H E C K .D T .R E Q 1,117 1.50% 1.85%
G E T . T 0 F 2 6,838 9.20% 11.35%
C H A R G E 0
G E T .S 3 0
R IG ID IT Y 0
C H E C K .T R A C K 22 ,201 29.86% 36.86%
G E T .C K 0
No. of passed events 14,120 18.99%
No. of re jected  events 60,226 81.01% 1 0 0 .0 0 %
T a b l e  6 .6 : R esults  of th e  final processing of all five files.
T o ta l  n u m b e r  of events 414,216 1 0 0 .0 0 %
R o u tin e  nam e No. of rejected events Fraction Frac tion
F IL T E R (2 ,2 ,3 ,3 ) 134,883 32.56% 40.14%
G E T .T O F 1 31,733 7.66% 9.44%
F IN D .T R A C K 35 8.5 • 1 0 -3% 10.4 • 10"3%
C H E C K .D T .R E Q 6,654 1.61% 1.98%
G E T .T O F 2 39,079 9.43% 11.63%
C H A R G E 0
G E T .S 3 0
R IG ID IT Y 0
C H E C K .T R A C K 123,687 29.86% 36.80%
G E T .C K 0
No. of passed  events 78,145 18.87%
No. of re jected events 336,071 81.13% 1 0 0 .0 0 %
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which th e  ” B T V ” charge was ob ta ined ,  by m a tch ing  ac tu a l  sc in tilla tor response 
w ith  t h a t  expec ted  for th e  closest isotope, was 45,458. T h e  events  w ith  /3 outside 
these  limits did no t  have the  ” B T V ” charge assigned. T ab le  6.7 shows th e  con ten ts  
of th e  processed record. I t  contains two sets of corrected  T D C s.  T h e  first set was 
corrected for th e  t im e-walk , p ropagation  along the  scintilla tor,  and  cable offsets. 
T h e  second set was correc ted  only for t ime-walk an d  cable offsets.
6 . 2  T h e  S M I L I  I n s t r u m e n t  R e s o l u t i o n
T h e  SM ILI m ain  objective  was to isolate masses of partic les  carrying a  
known charge. In th e  first order approx im ation ,  a par tic le  carrying a  charge Z 
deposits  energy which is p ropor tiona l  to Z2/ 2. (3 can be calcu la ted  as th e  ra tio  of 
th e  par tic le  p a th len g th  and  its  T im e-of-Flight between th e  S i  and  S2 scintilla tor, 
and  knowing (3 one can de te rm ine  the  partic le  charge from th e  energy deposited  in 
th e  SI and  S2 scintilla tor .
T h e  d e te rm in a tio n  of the  partic le  mass requires a knowledge of i ts  deflec­
tion  in  th e  m agne tic  field, and  if th is deflection is known, th e  partic le  m ass can be 
calcu la ted  according to  th e  relation
ZeR ( k -W
m  = W <  1 }
where
R =  H  =  0 .3p |B | - the  partic le  rigidity in GV, 
p - th e  partic le  m o m en tu m  in G eV /c ,
p - th e  in s tan tan eo u s  rad ius  of cu rva tu re  of the  partic le  t ra je c to ry  in meters.
The particle deflection in a plane defined by a normal vector n due to the
magnetic field is expressed by (Tomasch et al. 1990):
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Table 6.7: T h e  conten ts  of the  processed n tuple .
Entry Information Entry Information
1 Event No. 29 S lW  Corr. ’’high” TDC (ns)
2 No. of hit D T  Section 1 30 S2E Corr. ’’high” TDC (ns)
3 No. o f hit D T  Section 2 31 S2W Corr. ’’high” TDC (ns)
4 No. of hit D T  Section 3 32 S lE  Corr. ’’low ” TDC (ns)
5 No. of hit D T  Section 4 33 S lW  Corr. ’’low ” TDC (ns)
6 No. of D T  cut by FILTER 34 S2E Corr. ’’low ” TDC (ns)
7 No. of D T  cut by FIND.TRACK 35 S2W Corr. ’’low ” TDC (ns)
8 Index of S i TO F Panel 36 S lE  Corr. ’’high” TDC (ns)
9 Index o f S2 TOF Panel 37 S lW  Corr. ’’high” TDC (ns)
10 No. o f ’’high” PM Ts hit 38 S2E Corr. ’’high” TDC (ns)
11 No. of ’’low ” PM Ts hit 39 S2W Corr. ’’high” TDC (ns)
12 S1E Raw ADC (PC) 40 S lE  Corr. ’’low ” TDC (ns)
13 S1W Raw ADC (PC) 41 S lW  Corr. ’’low ” TDC (ns)
14 S2E Raw ADC (pC) 42 S2E Corr. ’’low” TDC (ns)
15 S2W Raw ADC (pC) 43 S2W Corr. ’’low ” TDC (ns)
16 S lE  Corr. ADC (pC) 44 Tim e-of-Flight (ns)
17 S1W Corr. ADC (pC) 45 Tim e-of-Flight (ns) East
18 S2E Corr. ADC (pC) 46 Tim e-of-Flight (ns) West
19 S2W Corr. ADC (pC) 47 TOF /3
20 S lE  Raw ’’high” TDC (ns) 48 SI Y (cm) from TO F
21 S1W  Raw ’’high” TDC (ns) 49 S2 Y (cm) from TO F
22 S2E Raw ’’high” TDC (ns) 50 S i X (cm ) from D T
23 S2W Raw ’’high” TDC (ns) 51 S2 X (cm ) from D T
24 S lE  Raw ’’low ” TDC (ns) 52 S i Y  (cm ) from D T
25 S1W Raw ’’low” TDC (ns) 53 S2 Y (cm) from DT
26 S2E Raw ’’low ” TDC (ns) 54 DT Idx Plane 1
27 S2W  Raw ’’low” TDC (ns) 55 D T  Idx Plane 2
28 S lE  Corr. ’’high” TDC (ns) 56 DT Idx Plane 3
(table con’d.)
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T a b l e  6.7: continued
Entry Information Entry Information
57 D T  Idx Plane 4 85 D T  Radius Plane 16
58 DT Idx Plane 5 86 A Radius DT Plane 1
59 DT Idx Plane 6 87 A Radius DT Plane 2
60 D T  Idx Plane 7 88 A Radius DT Plane 3
61 D T  Idx Plane 8 89 A Radius DT Plane 4
62 D T  Idx Plane 9 90 A Radius DT Plane 5
63 DT Idx Plane 10 91 A Radius DT Plane 6
64 D T  Idx Plane 11 92 A Radius D T  Plane 7
65 D T  Idx Plane 12 93 A Radius DT Plane 8
66 D T  Idx Plane 13 94 A Radius DT Plane 9
67 D T  Idx Plane 14 95 A Radius DT Plane 10
68 D T  Idx Plane 15 96 A Radius DT Plane 11
69 DT Idx Plane 16 97 A Radius D T  Plane 12
70 D T  Radius Plane 1 98 A Radius DT Plane 13
71 D T  Radius Plane 2 99 A Radius DT Plane 14
72 DT Radius Plane 3 100 A Radius DT Plane 15
73 D T  Radius Plane 4 101 A Radius DT Plane 16
74 D T Radius Plane 5 102 ARadius DT Section 1
75 D T  Radius Plane 6 103 ARadius D T  Section 2
76 D T Radius Plane 7 104 ARadius D T  Section 3
77 DT Radius Plane 8 105 ARadius D T  Section 4
78 DT Radius Plane 9 106 Fit Track X I - Lnterc. D T  Sect. 1
79 DT Radius Plane 10 107 Fit Track X2 - lnterc. D T  Sect. 2
80 DT Radius Plane 11 108 Fit Track Y1 - lnterc. D T  Sect. 3
81 D T  Radius Plane 12 109 Fit Track Y2 - lnterc. D T  Sect. 4
82 DT Radius Plane 13 110 Fit Track X I - Slope D T  Sect. 1
83 DT Radius Plane 14 111 Fit Track X2 - Slope D T  Sect. 2
84 DT Radius Plane 15 112 Fit Track Y2 - Slope D T  Sect. 3
(table con’d.
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T a b l e  6.7: continued
Entry Information Entry Information
113 Fit Track Y 2 - Slope D T  Sect. 4 141 P ath  Length
114 Top Zenith Angle 142 Rigidity Fit D eviation Y  (cm)
115 B ottom  Zenith Angle 143 Rigidity Fit D eviation Z (cm)
116 Fit Track X I - x 2 D T  section 1 144 Rigidity Fit Error (cm)
117 Fit Track X2 - x 2 D T  section 2 145 Hit Dewar Flag =  0
118 Fit Track Y1 - x 2 D T  section 3 146 CK Sum (PC)
119 Fit Track Y2 - x 2 D T  section 4 147 CK Signal
120 S i Resp. (pC) x cos0Lop 148 Fit Track CK X (cm)
121 S2 Resp. (pC) x cos 01,,,, 149 Fit Track CK Y (cm)
122 SI Charge (0.4 < 0 ) 150 CK 0
123 S2 Charge (0.4 < 0) 151 CK Charge
124 Integer Charge (0.4 < 0) 152 TO F Mass (amu)
125 S31E Raw ADC (pC) 153 TOF Kinetic Energy (M eV /n)
126 S31W  Raw ADC (pC) 154 TO F & CK Mass (amu)
127 S32E Raw ADC (pC) 155 TO F & CK Kin. En. (M eV /n)
128 S32W  Raw ADC (pC) 156 CK Mass (amu)
129 S33E Raw ADC (pC) 157 CK Kinetic Energy (M eV /n)
130 S33W  Raw ADC (pC) 158 BTV  Charge
131 S34E Raw ADC (pC) 159 SI BTV  Charge
132 S34W  Raw ADC (pC) 160 S2 BTV  Charge
133 Hit S3E Idx 161 Top S i Kin. Energy (M eV /n)
134 Hit S3W  Idx 162 B ot. S i Kin. Energy (M eV /n)
135 Hit S3E Raw ADC (pC) 163 Top S2 Kin. Energy (M eV /n)
136 Hit S3W  Raw ADC (pC) 164 B ot. S2 Kin. Energy (M eV /n)
137 S3 Charge 165 SI Light Yield
138 Fit Track S3 X (cm ) 166 S2 Light Yield
139 Fit Track S3 Y  (cm) 167 ZRAD
140 Rigidity 168 Isotope Index (1 - 21)
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6d- = °-3 1  ^ , 1 i l " (B ’fi) <6-2>
where
dip - th e  differential p a th  leng th  along the  tra jec to ry  p ro jec ted  on th e  p lane de­
scribed by th e  norm al vec tor n,
R p - th e  p ro jec tion  of the  rigidity  on the  plane described by the  norm al vec tor h, 
p p - th e  p ro jec tion  of the in s tan tan eo u s  radius on the  the  p lane described by the 
norm al vector n.
In th e  case of th e  SMILI in s t ru m en t ,  the  m agnetic  field was alm ost uniform  
and  co n s tan t  due to  th e  m ag n e t  design and the  accepted partic les  were m oving in 
th e  p lane  norm al to  th e  d irection of the  m agnetic  field. In th is  case th e  deflection 
is given by
0n = o'3i / dlB (6-3)
/ d l B  is called a field in tegral and  is equal 0.58 T -m  for SMILI. If  th e  in tegra l  of 
th e  m agnetic  field is known, as well as the  deflection angle, one can de term ine  the  
partic le  rigidity R. T h e  ac tua l  calculations during d a ta  processing were done using 
a  C E R N L IB R A R Y  rou tine  which in teg ra ted  the  equation  of m otion  for a  charge 
partic le  in th e  m agnetic  field using th e  quintic  spline fit (W in d  1974) and  re tu rn ed  
th e  rigidity directly.
T h e  m ass form ula  includes several quan tit ie s  which are m easu red  and  their 
uncerta in t ies  m u s t  be  es t im ated  to  com pare  bo th  mass resolutions, i.e. calculated  
and  m easu red ,  to  de term ine  th e  origin of th e  problem, in case th e  in s t ru m en ta l  
resolution is worse th a n  expected . Assuming th a t  the  partic le  charge is determ ined
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exactly, since i t  has in teger  values, th e  mass resolution  depends only on th e  u n ce r­
ta in ty  of th e  rigidity and  th e  velocity. Following a general expression:
d i d i
~  I aZ  I ** +  I aT. I a y +  ■ ■ • 
and  su b s t i tu t in g  77 =  f 3 j ,  th e  expression for the  mass u n ce r ta in ty  is:
(6.4)
( £ ) *  = ( * ) ■ + © '  <«•«>
If  th e  m ass is expressed in term s of the  atom ic mass un it  /i as m  =  A /i th en  th e  
fo rm ula  for the  mass resolution is given by
o’.n -
A ct,’i \ +  1 A o r
( 6 .6 )
v  J v R-
6.2.1 The Rigidity System Resolution
Following Eq. 6.3, th e  form ula  for th e  u n ce r ta in ty  of th e  rigidity  is given 










R  0 . 3 / d l B “ WD ^6 '8^
assum ing  no error in th e  field integral. T he  resolution of the  deflection aoD involves 
two factors. One is due to  uncerta in ties  in t ra je c to ry  m easu rem en ts  an d  th e  second 
is due to  M ultip le  Coulom b Scatte r ing  th rough  small angles (Eq. 6.9).
^ (6.9)
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P art ic le  t ra je c to ry  m easu rem en ts  are accomplished by 2 D T s in  th e  D T 
ch a m b e r  # 1  and  2 D T s in D T  ch am b er  # 2  for b o th  pro jec tions above th e  m agnet .  
T h e  posit ion  m easu rem en t  e rro r from one D T  ch am b er  equals where S x  is a 
single D T  resolution . T h e  u n ce r ta in ty  of the  angle above the  m ag n e t  is
(  5x V  /  5x V  6x
l ^ w j + l ^ u / = w  ( 0)o p  /  \  V  * Ato p  ,
w here  l top is th e  d is tance  betw een  D T  cham ber # 1  and  # 2 .  T h e  sam e equa tion  
holds for th e  u n ce r ta in ty  in position m easu rem en ts  from D T  cham bers  # 3  and  # 4 .  
T hese  m easu rem en ts  are used to de term ine  a partic le  t ra je c to ry  below th e  m agnet.  
T h e  to ta l  u n ce r ta in ty  due to th e  errors of th e  position m easu rem en ts  is equal to:
r ) + ( r ^ - l  (6-n)Lt.op /  \  ^ b o t to m
T h e  M ultip le  Coulom b Scatte r ing  is the  result of a par tic le  being sca tte red  
by  a small angle due to  an elec trom agnetic  in terac tion  w ith  th e  m ed ium . This 
sm all deflection angle for a par tic le  with  a charge z is given by Eq. 6.12 (Lynch 
and  Dahl 1991) in term s of th e  rad ia tion  length  which is defined as th e  m ean  
d is tance  over which a high energy electron loses all b u t  1 /e  of i ts  energy due to  
b re m ss tra h lu n g  (Review of P art ic le  P roperties  1992, Leo 1994).
a r m s  =  13.6zMeV j X
plane p/3 V Xu
1 + 0.0881og1D X_
Xo
(6 . 12 )
T h e  average sca tte r in g  angle is ’5p|,i'*u. =  y^pinne a nd X / X 0 is th e  partic le  p a th len g th  
in a m ed iu m  in te rm s of the  rad ia t ion  length  of this m edium .
Since th e  partic le  is exposed to the  M ultip le  Coulomb Scat te r ing  effect 
be tw een  m easu rem en ts  i.e. betw een D T  cham ber # 1  and  D T  # 2 ,  in th e  m agnet
bore , and  be tw een  D T  ch am b er  $ 3  and  D T  # 4 ,  th e  com plete  u n ce r ta in ty  due to  
th is  process is
6.2.2 The TOF System Resolution
A par tic le  velocity in  un its  of th e  speed of light can be e s t im ated ,  for the  
p u rpose  of de te rm in ing  its u nce rta in ty ,  using the  rela tion
^  =  T O F c  (6-14)
L is th e  ac tu a l  par tic le  p a th  leng th  between S i  and  S2 scintilla tors  and  T O F  is the  
ac tu a l  par tic le  T im e-of-Flight betw een S i  and  S2. Using Eq. 6.4, th e  u n ce r ta in ty  
of 0  can is given in  te rm s of uncerta in ties  of the  p a th len g th  and  th e  T O F  as
T O F  J  L \ T O F 2+  ° t o f  (6-15)
Eq. 6.15 can be rew ri t ten  as
\  2 / \ 2 
0/3 \  I a L \ . / 0TO F
0 )  V l  )  + j  <W6>
In te rm s  of 77 — 0  7  and  using the  relation
=  7 :i (6-17)
d 0
th e  77 u n ce r ta in ty  is given as
0rj 1 df] CTq   t 0/3
V t 9 0 P  7  0  1  \ x ) i + f e ) 2 <6-18>
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T h e  tim e resolution depends on the  energy loss d is tr ib u tio n ,  P M T  tim ing  
j i t t e r ,  electronics f luc tua tions ,  and  th e  pulse shape  d ep en d en t  t im e-w alk  while th e  
p a th le n g th  resolution depends on the  D T  resolution.
6.2.3 The Resolution of the Water Cerenkov Detector
T h e  partic le  is de term ined  from the  signal of th e  W a te r  C erenkov detec­
to r  according to:
- i f  Sck cos 8 \  ' / s
where
n is th e  effective index of refrac tion ,
Snorm Is th e  m easured  norm aliza tion  constan t for a par tic le  w ith  f3 — 1, Z =  1, 
S c k  is th e  m easured  signal of th e  charge Z partic le  and  6 is th e  incidence zenith  
angle.
Assum ing th a t  th e  u n ce r ta in ty  comes only from th e  Poisson fluc tua tion  in th e  n u m ­
ber of photoelec trons, and  defining a Cerenkov de tec to r  th resho ld  in te rm s of 77 
as
770 =  n -1 (1 -  n 2) -1/2 (6.20)
th e  n u m b er  of pho toelec trons for a par tic le  w ith  th e  charge Z is given as
N =  Z2N„(1 - ( - * ) )  (6.21)
w ith  Poisson fluctua tions defined as
o-N =  Z (N 0(1 -  ( ^ 2) ) ) ! /‘ (6 .22)
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where N 0 is th e  n u m b e r  of photoelec trons observed for a par tic le  w ith  Z =  1 , and 
0 = 1 -
T h e  fractional u n ce r ta in ty  in 77 is given accordingly:
a r l _ l  d V _  1 r  (  no A 1/2
V t? dN N 2 Z N ' / ‘ V )
6.2.4 The Combined Mass Resolution
T h e  calcu la tion  of m ass resolution for p ro tons and a  partic les were m ade 
assum ing  th e  following:
•  a p a th le n g th  resolution of 0.008 m and the  p a th len g th  L equal to  th e  distance
betw een  SI and  S2 scintilla tors (1.80 m) corrected by th e  average angle of 
incidence (15°),
•  a  t im e resolution of 115 ps,
•  th e  position  resolution  of 426 f i m ,
• an  average sepa ra t ion  betw een two D T  cham bers  of 0.28 m,
•  th e  index of refraction  of th e  w ater Cerenkov of 1.33,
•  th e  n u m b e r  of pho toe lec trons  for the  w ate r  Cerenkov de tec to r  equal 250 for th e
charge Z =  1 and  ( 3 = 1  particles.
T h e  t im ing  and  position resolution expressed as th e  single T O F  P M T  and  
single D T  resolution  correspond to the  ac tua l  resolution achieved when analyzing 
SM ILI 2 flight d a ta  (Sections 5.2 and 5.3.2). T he  p a th len g th  u n ce r ta in ty  was ob­
ta in ed  from th e  difference of tw o pa th leng ths .  One p a th len g th  was provided  by the  
D T s which de term ined  two vectors, one above and one below th e  m agne t .  A nother  
p a th le n g th  was derived by th e  M O M E N T M  rou tine  which calcu la ted  a partic le  
rigidity  by in teg ra tin g  th e  equa tion  of m otion  in th e  uniform  m agnetic  field. T he
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s ta n d a rd  devia tion  of the  d is tr ibu tion  of th e  difference betw een these  two pa th -  
leng ths  was equal to  0.8 cm, and  this n u m b er  was assum ed in these  calculations 
as th e  p a th le n g th  u nce rta in ty .  T h e  n u m b er  of pho toelec trons for th e  C erenkov de­
tec to r  cam e from  th e  preflight tests  when th e  de tec to r  was exposed to  g round  level 
m uons .  A 1% con tr ibu tion  from th e  u n ce r ta in ty  of the  m agnetic  field was added  in 
q u a d ra tu re  to  th e  final m ass resolution. Tw o factors co n tr ib u te  to  th e  u n ce r ta in ty  
of th e  m agne tic  field as of to d ay  - Ju ly  1994 (G reene 1993). T h e  first is due to  th e  
d iscrepancy  betw een th e  ac tua l  location of one coil p rovided by th e  m ag n e t  m an u ­
fac tu re r  and  th e  location of th e  same coil in th e  software ca lculating  th e  m agnetic  
field used  in th is  work. T h e  sam e software did not correct dimensions of th e  m agnet 
coils for th e  th e rm a l  con trac t ion  a t the  liquid helium tem p e ra tu re .  T h e  results of 
above ca lculations for p ro tons  and c* partic les are shown on Figs. 6.1 and  6.2.
6.3 The Interpretation of Standard Criteria
T h e  requ irem en ts  applied  during d a ta  processing did  not remove all bad 
events (Fig. 5.29 and  5.30). T here  were still events  th a t  resu lted  from fragm en ta t ion  
above th e  S i  sc in tilla tor and in between th e  S i  and  S2 panels. T h e  requ irem ent 
th a t  th e  t rack  fit by  th e  rigidity  rou tine  had  to  be a t  th e  m ost 0.1 cm off th e  m agnet 
bore  rem oved m an y  such events,  b u t  still some rem ained . T h e  fu r th e r  elim ination 
of such events was done by requiring  the  partic le  charge in th e  S i  sc in tilla tor to  be 
consis ten t w ith  th e  charge in the  S2 scintilla tor. T h e  m e th o d  to  derive th e  charge 
of th e  par tic le  was a lready  discussed in th e  previous ch ap te r  (Section 5.3.2). T he  
charge consistency tes t  required:
ZRA D  =  ■(/(V'Slresp. -  V^lBTVresp.)' +  ( \ /S 2 rusp. -  >/ S 2 BTV resp.f <  1-5 (6.24)
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F i g u r e  6.1: T h e  calcu la ted  energy d ep en d en t  m ass resolution for pro tons. T he 









K in e t i c  E n e r g y  ( M e V / n u c l e o n )
F i g u r e  6.2: T h e  ca lculated  energy d ep en d en t  m ass resolution for a  partic les. D ot­
ted  line - T O F  resolution; dashed  line - Cerenkov d e tec to r  resolution; dot-dashed 
line - position u n ce r ta in ty ;  long dashed  line - M ultip le-Coulom b Scatte r ing  uncer­
ta in ty , solid line - to ta l  mass resolution.
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In o rder to  derive th is  limit on ZR A D , the  charge consistency tes t  used in  th e
SM ILI 1 helium  d a ta  analysis  (B ea tty  et al. 1993)
|ZSi -  1 -751“ -  |ZS2 -  1.75 |2 < 1  Zsi >  1.75 ZS2 >  1.75 (6.25)
was applied  to  charge 2 events in th e  SMILI 2 d a ta se t ,  where Z s\  and  Zs2 a re  charges
o b ta in ed  from  th e  response  of the  S i  and S2 scin tilla tor using po lynom ial fits. T h e  
n u m b er  of events  rem oved by this tes t  in every energy bin was com pared  w ith  the  
n u m b er  of events rem oved by th e  ZRAD tes t ,  and th e  u p p e r  limit of Z R A D  was 
i te ra te d  un ti l  th e  n u m b e r  of even ts  removed by bo th  tes ts  agreed.
In order to  remove th e  u nw an ted  background  to  im prove  th e  resolution of 
th e  m ass d is tr ibu tions ,  fu r th e r  s tan d a rd  criteria  were im posed  on th e  even ts  w ith 
charge 1 and  2 as listed below.
1. T h e  t ra je c to ry  h ad  to  be a t th e  m ost 1.5 cm off th e  selected S i  and  S2 scintil­
la to r .  This  te s t  rem oved events which did not satisfy c rude ag reem en t betw een 
track ing  an d  T O F  po in t ing  (1.6%).
2. |T O F e — T O F \v |  <  1.0 ns. This  test e l im inated  events w ith  poor t im ing  as 
m easu red  in d ep en d e n t ly  by  th e  E as t  and W est P M T s.
3. IY ™ 1' — Y sjT | <  5.0 cm  and |Y ™ '' — Yc^y11 <  5.0 cm. F iner tests  which 
rem oved even ts  w ith  inconsis ten t tracking and  T O F  poin ting  along S i  and  S2 
sc intilla tors .  Ygp*- an d  Yg.P1' were calculated  using t im ing  difference betw een 
tw o  P M T s  on th e  sam e T O F  scintilla tor and  th e  corresponding  V efr, while Y gp 
and  Ygo1 were o b ta in ed  from th e  final tra jec to r ies  f itted  to  th e  h i t  D T s and  
ex t ra p o la ted ,  respectively, to  SI and S2 T O F  panels.
4. d ev v <  0.3 and  devz <  0.6. This requ irem ents  rem oved events  which have large
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deviation  of m easured  tan g en t  points from the t rack  fitted  by the  M O M E N T M  
routine .
Figs. 6.3 - 6.8 show th e  d is tr ibu tions  of each q u an t i ty  listed above, except cr iterion 1.
T h e  h is tog ram s of energy dep en d en t  efficiencies of th e  s ta n d a rd  criteria  
for th e  events w ith  charge 1 and  2, and  ZRAD < 1.5, are shown, respectively, in 
Figs. 6.9 and  6.10. B o th  p lo ts  ind ica te  th e  ranges of k inetic  energy for b o th  charges 
for which d a ta  analysis was applied. T hey  show th a t  while the  charge 1 partic les  
were m ostly  de tec ted  with  low kinetic energies due to  the  setting  of th e  in s t ru m en t  
t rigger,  th e  charge 2 partic le  cover the  full kinetic energy range. T h e  slight decrease 
in th e  efficiency a t high kinetic  energies for th e  charge 2 events is a resu lt  of th e  poor 
track ing  reso lu tion  a t these  energies. If the  in p u t  t ra jecto ries  to  th e  rigidity  rou tine  
were not very accu ra te ,  th e  deviations (devv and devz) betw een th e  in p u t  an d  fitted  
tra jec to ries  are large and m ore events are removed com pared  to  low energies.
Figs. 6.11 and  6.12 show the  typical mass d is tr ibu tion  for th e  charge 1 and  2 
partic les in th e  sam e energy bin. T h e  plots of mass versus j3 for th e  charge 1 and  2 
are p resen ted  on Figs. 6.13 and  6.14, respectively. T h e  resolution of th e  m ass 1 
d is tr ibu tion ,  corresponding  to  pro tons ,  is equal 0.026 am u  while th e  resolution of the  
m ass 4 d is tr ib u tio n ,  corresponding  to  a  particles, is equal 0.13 am u. B o th  num bers  
are ab o u t  30% larger th an  th e  expected  resolutions presented  in Section 6.2, b u t  
th e  resolutions of th e  mass d is tr ibu tions  for events  with charge 2 and  kinetic  energy 
up  to  500 M eV /n u c leo n  p resen ted  in the  nex t section are ap prox im a te ly  equal to  
th e  expected  resolutions. T h is  could be due to  the  u n d eres t im a tion  of errors in the  
m agnetic  field an d  in the  p a th len g th  a t  low kinetic energies. Figs. 6.11, 6.13, and 
6.14 show traces of low energy tr i tons  produced  entire ly  above or in th e  in s t ru m en t ,  
since th e re  are no tr i tons  in th e  cosmic rays due to  their short  half-life (12.33 years).
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F i g u r e  6.3: Z R A D  dis tr ibu tion .
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F i g u r e  6.5: D istr ibu tion  of the  difference betw een tracking and  T O F  pointing 
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F i g u r e  6.6: D istr ibu tion  of the  difference between tracking and T O F  pointing 
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F i g u r e  6.7: D is tr ibu tion  of th e  square  root of a squared sum  of weighted residuals 
be tw een  th e  in p u t  t ra jec to ries  to  the  M O M E N T M  rou tine  and  the  tra jec to r ies  fit ted  
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F ig u re  6.8: Distribution of the square root of a squared sum of weighted residuals
between the input trajectories to the MOMENTM routine and the trajectories fitted
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F i g u r e  6.11: Mass d is tr ibu tion  for charge 1 partic les w ith kinetic energy 100 - 
120 M eV /nuc leon .  T h e  d is tr ibu tion  of m ass 2 enlarged by a factor of 20 and  the  
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F igu re  6.12: Mass distribution for charge 2 particles with kinetic energy 100 - 120
M eV/nucleon.
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F i g u r e  6.13: P lo ts  of the  mass d istr ibu tion  for the  charge 1 (b o t to m )  and  2 (top) 

























F i g u r e  6.14: P lo ts  of th e  m ass d is tr ibu tion  for the  charge 1 (b o t to m )  an d  2 (top) 
partic les versus k inetic energy.
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6.4  F i t t in g  M ass  D is tr ib u t io n s  o f  th e  H igh E n ergy  H eliu m
In th e  preceding section we discussed the s tan d a rd  cr ite ria  applied  to  the  
SM ILI 2 d a ta se t  to  im prove th e  resolution of the mass d is tr ibu tions  and  p resented  
th e  typ ica l  m ass d is tr ibu tions  of charge 1 and charge 2 events  w ith  th e  kinetic 
energy below 200 M eV /n u c leo n .  This  section discusses m ethods  used to  derive the  
3H e / 4He ra tio  for th e  full T O F  kinetic energy range above th e  SI scin tilla tor up 
to  500 M eV /n u c leo n  using th e  m ass d is tr ibu tions of charge 2 events o b ta in ed  after 
apply ing  th e  s tan d a rd  criteria.
T h e  iH e / ‘lHe ra tio  a t higher energies was determ ined  using tw o fitt ing 
m e th o d s  (C lem  1993a) to  check the  consistency of the  results. T h e  first fitting 
m e th o d  used a four-fold G aussian  function to represent the  mass d is tr ibu tion .  In 
th is  techn ique ,  th e  m ass d is tr ibu tion  for each isotope consists of two com ponents . 
O ne com ponen t  represents  th e  cen te r of the d istr ibu tion  and  the  second com ponent 
rep resen ts  tails. This  f it t ing  m e th o d  required the s tan d a rd  deviations of th e  G aus­
sian functions represen ting  bo th  com ponents  of mass d is tr ibu tions for mass 3 to  be 
equal to  3 /4  of th e  sam e s ta n d a rd  deviation for mass 4 and  the  '!H e /  'H e ra tio  to  be 
th e  sam e for b o th  com ponen ts .  T he  fitted function had a form
F(M) = M l e * p ( - i ( ^ ) )
, 1 . M — P ) \
+  p i exP ( ~ ^ ( — n------) )P ,
+
P ,  2P s P r  I 1 / M -  r. |
0.75 CX̂  2 ^ 0 .7 5 P 7
1 , M - P 3 *+  P Ge x p (  —- ( — ) ) (6.26)
where
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Pj - th e  am p li tu d e  of the  com ponen t  representing  the  cen te r  of th e  m ass 4 d is tr i ­
b u tion ,
P 2 - th e  s ta n d a rd  deviation of th e  com ponen t represen ting  th e  cen te r  of th e  m ass 4 
d is tr ibu tion ,
P 3 - th e  m ean  of the  mass 4 d is tr ibu tion ,
P 4 - th e  m ean  of th e  mass 3 d is tr ibu tion ,
P 5 - th e  3H e / 4He ra tio ,
P 6 - the  am p li tu d e  of the  com ponen t represen ting  tails of the  mass 4 d is tr ib u tio n ,  
P 7 - th e  s ta n d a rd  deviation of th e  com ponen t represen ting  tails of th e  m ass 4 dis­
t r ib u t io n .
T h e  first and  th e  th ird  te rm  in Eq. 6.26 represent bo th  com ponen ts  of th e  m ass 3
d is tr ibu tion  and the  second and  fourth  te rm  represen t bo th  com ponen ts  of th e
m ass 4 d is tr ibu tion .  T he  re su ltan t  fits using th e  four-fold G aussian  d is tr ibu tions  
are shown in Figs. 6.15 - 6.18. T h e  value of P 2 p a ram e te r  represen ting  reso lu tion  of 
the  m ass 4 d is tr ibu tion  is equal to  0.10 am u for the  m ass d is tr ibu tion  in  th e  kinetic 
energy range 100 - 200 M eV /nuc leon ,  0.11 am u for th e  mass d is tr ib u tio n  in  th e  
k inetic  energy range 200 - 300 M eV /nuc leon , 0.15 am u for th e  m ass d is tr ibu tion  
in th e  k inetic  energy range 300 - 400 M eV /nuc leon ,  and 0.17 am u  for th e  m ass 
d is tr ibu tion  in the  kinetic energy range 400 - 500 M eV /nuc leon .
In  th e  second fitting m eth o d ,  th e  ra tio  was ob ta ined  by f i t t ing  th e  con ten ts  
of th e  m ass h is togram  to  the  general function
F (M ) =  S(M) +  ^ R S ( 4 M / 3 )  (6.27)
u
where th e  first te rm  represents  the  'He mass d is tr ibu tion  and th e  second te rm  re p ­
resents  th e  3He mass d is tr ibu tion .  T he  factor R  in the  second te rm  rep resen ts  th e
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F i g u r e  6.15: Helium m ass d is tr ibu tion  for th e  k inetic energy range 100 - 200 
M eV /n u c leo n  an d  th e  result of th e  four-fold G aussian  fit.
150
X =  0 .9663









F igu re  6.16: Helium mass distribution for the kinetic energy range 200 - 300
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F i g u r e  6.17: Helium  m ass d is tr ibu tion  for th e  kinetic energy range 300 - 400 
M eV /n u c leo n  an d  th e  result of th e  four-fold G aussian fit.
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F ig u re  6.18: Helium mass distribution for the kinetic energy range 400 - 500
M eV/nucleon and the result of the four-fold Gaussian fit.
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ra tio  of th e  areas equal to  H i e / 'H e  ratio . In this m e th o d ,  it was also assum ed th a t  
th e  3He m ass d is tr ibu tion  was a lm ost identical in shape  to  th e  'H e  m ass d is tr ib u ­
t ion , except th e  height, w id th  and location. T h e  function  a rg u m en t in  th e  second 
te rm  was transfo rm ed  to  accoun t for the  3 /4  change in th e  m ass reso lu tion  and  to  
t ra n s la te  th e  a rgum en t to  3 for in p u t  M =  4. Conveniently , the  offset was zero 
in  th is  t ran sfo rm atio n  and  a scaling factor of 4 /3  was all t h a t  was needed. T he  
am p li tu d e  of th e  d is tr ibu tion  was ad jus ted  by varying th e  ra tio  R and  th e  factor 
4 /3  accounts  for th e  smaller w id th  of the  3He d is tr ibu tion .  Since the  shape of S(M) 
was not know n, a spline function  was selected to  im ita te  any charac te ris t ic  of th e  
d a ta .  T h e  spline function is norm ally  used to  in te rp o la te  or jo in  fixed points called 
spline knots .  However, th e  knots  can be ad jus ted ,  like coefficients of a polynomial, 
to  m inim ize th e  x 2 f° r a fit to  a set of points. For this case a  20 kno t  spline was 
used w ith  a n u m b er  of im posed conditions listed below
=  0 M < 0 or M >  7 
S(M ) { (6.28)
> 0  0 <  M < 7
> 0  M <  3.9
< 0  M >  4.1
(6.29)
=  0 M <  0
dS(M )
dM
=  0 M >  7
T h e  M values of th e  spline kno ts  were fixed and  were s trategically  p laced, so the  
density  of kno ts  p ro jec ted  to  th e  M axis would be g rea ter  near th e  m ass peaks in  the  
h is togram s. T h e  height of th e  spline knots  and  the  ra tio  R  were varied to  minimize 
th e  negative  logarithm  of th e  M axim um  Likelihood (M L) function using Poisson 
probabilit ies .  Each p robabili ty  in the  ML function was de term ined  by assigning the
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m ean  in th e  Poisson d is tr ibu tion  to  be the  spline function  eva lua ted  a t  m easured  
m ass M and  th e  observed value in th e  Poisson to  be represen ted  by th e  m easured  
counts .  Em ploy ing  th e  M L techn ique ,  we could es t im a te  the  wings b e t te r  since an 
e m p ty  or nea r  em p ty  bin h ad  accu ra te  errors. T h e  fits to  th e  sam e helium  mass 
h is togram s using 20 kno t spline are p resen ted  in Figs. 6.19 - 6.22.
T h e  ra tios from  b o th  fits, i.e. using th e  four-fold G aussian  func tion  an d  th e  
spline fit m e th o d ,  are consistent for two lowest energy bins 100 - 200 M eV /nuc leon  
and  200 -300 M eV /nuc leon , b u t  the  ratios from fits for energy bins 300 - 400 
M eV /n u c leo n  and  400 - 500 M eV /nuc leon  disagree by ab o u t  3cr. In order to  test 
b o th  m e th o d s  for these  two bins, the  s ta r t in g  values were varied , b u t  still th e  results 
converged giving re su ltan t  ra tios very close to  those  shown in Figs. 6.15, 6.16, 6.21, 
and  6.22.
T h e  results of th e  four-fold Gaussian  fits were fu r th e r  used to  derive th e  
corresponding  ra tios a t T O  A, since these fits resu lted  in smaller reduced %2.
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Figure 6.19: Helium mass distribution for the kinetic energy range 100 - 200 
MeV/nucleon and the result of the 20 knot spline fit.
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F igu re  6.20: Helium mass distribution for the kinetic energy range 200 - 300




















Figure 6.21: Helium mass distribution for the kinetic energy range 300 - 400 
MeV/nucleon and the result of the 20 knot spline fit.
X2 =  1.6923










F ig u re  6.22: Helium mass distribution for the kinetic energy range 400 - 500
M eV/nucleon and the result of the 20 knot spline fit.
C H A P T E R  7
RESULTS
T h e  ob jective  of this s tu d y  was to  ob ta in  the  ratios of 2H / 4He and  3H e / 4He 
a t  1 A.U., i.e. a t  th e  top  of th e  a tm osphere  (T O A ).  This  ch a p te r  p resen ts  the  
derivation  of th e  fluxes of high energy helium, low energy pro tons ,  deu terons ,  3He, 
and  a  partic les, b o th  a t  th e  in s t ru m en t  and  a t T O A , and  nex t th e  ra tios .  W e also 
discuss in this ch a p te r  th e  level of th e  solar m odu la t ion  re la ted  to  th e  solar ac tiv ity  
during  th e  SMILI 2 flight.
In order to  de te rm ine  th e  fluxes at th e  in s t ru m en t  and  th e  fluxes of these 
partic les a t 1 A.U., th e  following factors m ust  be taken  in to  account.
•  T h e  in s t ru m en ta l  and  analysis efficiencies.
- T h e  de tec to r  acceptance.
- In s t ru m e n ta l  efficiencies.
- Analysis efficiencies.
•  A tm ospheric  an d  in s t ru m en ta l  corrections.
- Energy  loss betw een  th e  top of the  a tm osphere  and  th e  in s t ru m en t .
- Losses and  gains due to  in terac tions  in th e  a tm osphere  and  in th e  in s t ru m en t .  
T h e  following sections explain  these  factors in detail.
7.1 The Instrum ental Efficiencies
T his  section is devoted  to  th e  derivation  and the  p re sen ta t io n  of th e  effi­
ciency of th e  SM ILI detec to r during  its second flight for low energy hydrogen  and
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high energy helium . M onte  Carlo p rog ram s were used to  derive th e  de tec to r  ac­
cep tance  for charge 1 and  charge 2 particles. This  accep tance  depends s trongly  on 
th e  par tic le  k inetic  energy a t  low energies. T he  derivation  of th e  energy dep en d en t  
D T ’s efficiency is p resen ted  in Section 7.1.2. T he  s ta n d a rd  criteria  applied  to  the  
flight d a ta  to  im prove  th e  m ass resolution rem oved approx im a te ly  10 - 50% of th e  
events depend ing  on the  energy bin, and Section 7.1.3 describes how the  ap p ro p r ia te  
correction  factors were ob ta ined .  Since the  resolution of th e  T O F  system  deter io ­
ra te s  w ith  increasing partic le  kinetic energy, it is possible, m ainly  a t  high energies, 
t h a t  a  par tic le  can be assigned a wrong energy bin, and  Section 7.1.4 presents  the  
deriva tion  of th e  energy d ep en d en t  correction factors re la ted  to th e  finite energy res­
olu tion  for helium . Section 7.1.5 discusses o ther  factors which have been tak en  in to  
accoun t in order to  ob ta in  th e  in s t ru m en ta l  fluxes of low energy p ro tons, deu terons, 
3He, and  a  par tic les  as well as high energy helium.
7 .1 .1  T h e  I n s t r u m e n t  A c c e p t a n c e
T h e  SM ILI d e tec to r  covered only a fraction  of th e  to ta l  solid angle and  
th e  in s t ru m e n t  trigger required  a coincidence betw een  pulses from th e  S i  and  S2 
scintilla tors . Assum ing th a t  the  in tens i ty  of detec ted  cosmic rays is isotropic, one 
can define th e  re la tion  betw een the  coincidence counting  ra te  C (s_1) of th e  ideal 
d e tec to r  and  th e  cosmic ray in tens i ty  I ( s " ’m _2sr_1) (Sullivan 1971):
C =  G I (7.1)
w here  G is called th e  geom etrical factor or the  acceptance, and  is equal to:
G =  /  dw /  dcr • r  =  /  dwA(uj) 
J n J s Jn
(7.2)
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A(u>) is th e  d irec tional response function and  is th e  result  of th e  in teg ra tion  of the  
dot p ro d u c t  of th e  vec tor norm al dcr to  the  surface S and  th e  u n it  vec to r f  po in ting  
to  th e  d irection  of observation  over th e  surface S which is exposed to  th e  flux of 
inciden t partic les ,  is th e  de tec to r  opening solid angle.
In  th e  case of th e  SM ILI detec tor,  the  accep tance could not be  derived us­
ing available ana ly tica l  form ulae (Sullivan 1971), since, for a m agnetic  spec trom eter ,  
th e  accep tance  depends  on th e  partic le  rigidity. For low partic le  kinetic energies, 
th e  accep tance  depends s trongly  on the  energy loss th e  charge partic le  suffers due 
to  th e  ion ization  of th e  m edium . A nother im p o r tan t  factor in deriving th e  ac tua l  
accep tance  was th e  n u m b er  of non-working D T  channels.
Tw o different M onte  Carlo program s were developed for the  SM ILI detec­
to r  a t th e  co llaborating  in s t i tu t ions  following the  approach  given by Sullivan (1971). 
T h e  first M onte  Carlo  p rog ram , originally w ri t ten  at In d ian a  University, used 
G E A N T  - th e  software package developed a t C E R N  to describe an a rb i t ra ry  ex­
p e r im en t  and  to  s im ula te  th e  response of its com ponents .  All com ponen ts  of the  
SM ILI in s t ru m en t  and  their  locations were described in this p rogram . T h e  ac tua l  
positions of th e  drift tu b e  wires, as determ ined  from the  SMILI 2 pre-flight survey, 
were included , while th e  72 non-working D T  channels were removed. This  p rogram  
sim ula ted  th e  ion ization  energy loss, the  M ultip le  Coulomb Scatte r ing ,  th e  trigger 
th resho ld ,  and  th e  bend ing  of the  partic le  t ra je c to ry  in the  m agnetic  field. T h e  re­
qu irem en ts  on th e  m in im um  n u m b e r  of drift tubes  hit in each section were identical 
to  those  m ad e  during  th e  analysis of the flight d a ta ,  i.e. a t  least 2 D T  planes in 
each section in  th e  non-bend ing  plane, 3 D T  planes in each section in  th e  bending  
p lane, 3 D T  cham bers  m ust  be  hit in the non-bending  p lane, and  4 D T  cham bers
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in  th e  bend ing  plane. T h e  m in im u m  energy deposit in bo th  S i  and  S2 scintilla­
tors  corresponding to  th e  energy above which the  in s t ru m e n t  triggers was set a t 
10 M eV, after a com parison  of par tic le  energy cutoff in  th e  flight d a t a  w ith  the  
M onte  Carlo results. T h is  p rog ram  did not include d a ta  analysis rou tines ,  a lthough  
it  included th e  tes t  for th e  m in im u m  n u m b er  of h it  D T s and  tes ted  th e  genera ted  
partic le  t ra je c to ry ,  w he the r  i t  rem ained inside the  m ag n e t  bore. T h e  accep tance  for 
each energy bin  for all isotopes w ith  charge 1 and  2 was de term ined  by  genera ting  
random ly  5 • 10s particles w ith  a kinetic energy at th e  top  of th e  SI scin tilla tor 
uniform ly d is tr ibu ted  in th e  given range and using the  fo rm ula  (Sullivan 1971):
n u m b er  of events .
G =  ------        x ga ther ing  power of th e  opening a p e r tu re  (7.3)
n u m b er  of genera ted  events
T h e  opening ap e r tu re  in th is  M onte  Carlo p rog ram  was equal to  110cm x 110cm X 7r-
(cos2(0°) — cos2(40°)) and  was illum inated  uniform ly by th e  gene ra ted  tra jectories .
T h e  u n ce r ta in ty  of th e  accep tance  was es t im a ted  by runn ing  21 t im es, the  
sam e M onte  Carlo p rogram  w ith  the  identical in p u t  p a ram e te rs ,  b u t  w ith  different 
in itia l seeds for the  random  n u m b er  genera to r,  for a couple of energy bins and 
for each isotope. T he  one s tan d a rd  deviation of th e  accep tance  was assum ed to  
correspond to  th e  half  w id th  of th e  accep tance d is tr ibu tion  derived th is  way.
T h e  second SMILI M onte  Carlo p rog ram  was originally developed a t  the  
University  of Michigan and  included flight d a ta  analysis rou tines . T h is  p rogram  
m odelled th e  d is tr ibu tion  of the  T O F  errors, track ing  errors, and  5-rays, b u t  i t  did 
not include the  ionization energy loss, and the  M ultip le  Coulom b Scatte r ing .  This 
p rogram  was modified by add ing  th e  ionization energy loss and  th e  m ost recent 
rep resen ta tio n  of the  M ultip le  Coulomb S catter ing  (Lynch  and  D ahl 1991). T he  














F i g u r e  7.1: SM ILI 2 accep tance for hydrogen isotopes as ob ta ined  from  th e  
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F i g u r e  7.2: SMILI 2 accep tance  for helium isotopes as ob ta ined  from th e  G E A N T  
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F i g u r e  7.3: SM ILI 2 accep tance  for a  particles at high energies as obta ined  from 
th e  G E A N T  M onte  Carlo.
charged  partic le  in th e  SI and  S2 scintillators. T he  acceptances derived by both  
p rog ram s were consistent and  the  results, from the  G E A N T  M onte Carlo, are shown 
in Figs. 7.1, 7.2, and  7.3.
7.1.2 D T Efficiency
T h e  G E A N T  M onte  Carlo program , besides calculating acceptance, also 
p ro duced  an o u tp u t  file contain ing  the  statis tics  of hit D T  planes. These statistics 
were used to  derive th e  energy dependen t  D T  efficiency by varying th e  single D T  
efficiency betw een  0 and  1 and  calculating the  expected  nu m b er  of hit D T  planes. 
T h e  com parison of th e  ac tu a l  num ber of D T planes hit in each energy bin in th e  
flight d a t a  with th e  expected  num ber of D T planes hit de term ined  the  overall D T  
efficiency for this pa r ticu la r  energy bin. T he  unce rta in ty  of the  D T  efficiency derived 
th is  way was a t  th e  level of 1%. Figs. 7.4 and 7.5 show the  energy dependence 
of D T  efficiencies, respectively, for charge 1 and charge 2. Both  plots follow the
T  I  I  I I I  I  1 ■ I I  I  I  I ( "  I !  |- - - - - - - - T
■  -  4H e
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dependence of th e  energy loss on the  partic le  velocity /? or its kinetic energy. This 
effect is directly  re la ted  to  th e  energy deposited  by a charged partic le  w hen it  passes 
th ro u g h  th e  drift tu b e  and  which is used to  ionize the  D T  gas. T he  energy deposited 
decreases w ith  increasing partic le  velocity.
7.1.3 Analysis Efficiency
T h e  s ta n d a rd  cr ite ria ,  im posed on th e  charge 1 and  2 events ,  used to m ake 
th e  m ass d is tr ibu tion  h is togram s were discussed in Section 6.3. T h e ir  efficiency was 
es t im a ted  by following the  m e th o d  used in the  SMILI 1 d a ta  analysis (B ea tty  et 
al. 1993) and  was done separa te ly  for charge 1 and  charge 2.
T h e  charge consistency test between SI and S2 T O F  panels (Section 6.3)
required
ZRA D =  ( ̂ /S1 rt!.sp̂  — -y/SlBT\'res|».) +  (\/S2re.sp. ~  y ^ B T V  resp^  <  1-5
A t ig h te r  tes t ,  by requiring  ZRA D  < 0.4 to assure th a t  only charge 1 or charge 2 
events  were involved, was applied  to  e s t im ate  the  efficiency of th e  s tan d a rd  criteria 
2, 3, and  4. T h e  efficiency was derived as the  ra tio  of the n u m b er  of events  w ith  
enforced cr ite ria  2, 3, and  4 to  th e  n u m b er  of events w ithou t  them . This  efficiency 
decreased w ith  k inetic  energy for charge 2 events s ta r t in g  from 0.77 a t the  lowest 
energy b in  (100 - 200 M eV /n u c leo n )  down to 0.60 for th e  highest energy b in  (1600 - 
2000 M eV /n u c leo n )  while for for charge 1 events ,  the efficiency f luc tua ted  between
0.84 and  0.66 for different energy bins. Errors of the  criteria 2, 3, and  4 efficiency 
were es t im a ted  by assum ing th a t  the  efficiency between two ZRA D  tests ,  nam ely 
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F igu re  7.5: The energy dependence of DT efficiency for charge 2
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th e  sam e charge as th e  surviving events. T h e  es t im ated  errors varied betw een  1% - 
5% for charge 1 and  betw een 1% - 3% for charge 2.
7.1.4 TOF Resolution Correction
T h e  las t  correction, m ost im p o r ta n t  at high energies, is re la ted  to  th e  finite 
energy reso lu tion  which in tu rn  is re la ted  to the  Time-of-Flight resolution. Since 
th e  t im ing  resolution  is worse a t higher energies, it  is m ore p robab le  th a t  a t  these 
energies events can be assigned to  wrong energy bins. T h e  e s t im ate  of this effect was 
done only for helium  with k inetic  energy between 100 - 2000 M eV /n u c leo n  using 
th e  m e th o d  developed for th e  SMILI 1 d a ta  analysis.
In th is  m e th o d ,  the  t ru e  helium spec trum  is represen ted  by th e  vector E t  
and  th e  m easu red  helium  sp ec tru m  by th e  vector E m . B oth  spec tra  are re la ted  
according to:
E m =  A E t (7.4)
where th e  e lem ent A;j is a fraction of the  tru e  flux in bin j  which is m easured  in bin
i. T h e  m a tr ix  A was construc ted  using th e  T O F  resolution de term ined  from the  
norm alized  0.5 • ( T O F e  — T O F \y )  d is tr ibu tion  for charge 2 over th e  full energy range 
(Fig. 7.6) and  a second order po lynom ial fit to th e  same d is tr ibu tion  as a function  of 
/3 (Fig. 7.7) w ith  th e  coefficients a0 =  0.043912, ai =  0.041409, and  a 2 =  0.032992.
T h e  t ru e  spec trum  was represen ted  by the  in p u t  spec trum  which had  the  
following ana ly t ic  form:
^  = 0 c ' E c ’ (E  +  C 3p  (7.5)
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F i g u r e  7.6: T h e  norm alized T O F  resolution for charge 2.
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F i g u r e  7.7: T h e  T O F  resolution dependence  on j3 for charge 2. T h e  solid line is 
th e  resu lt  of a  second order polynom ial fit.
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in p u t  sp ec tru m  were varied un ti l  the  best ag reem ent betw een th e  o u tp u t  spec trum  
rep resen ting  th e  m easured  sp ec tru m  and  the  ac tu a l  SMILI 2 helium  sp ec tru m  was 
o b ta ined .  T h e  p aram ete rs  for the  in p u t  sp ec tru m  which p ro duced  th e  best  fit of 
th e  o u tp u t  sp ec tru m  to  th e  ac tu a l  SMILI 2 charge 2 d a ta  had  values:
Ci =  -3 0 .2 5 1  
C 2 =  19.316 
C3 =  399.10 
C., =  0.017677
Fig. 7.8 shows th e  ana ly t ic  sp ec tra  and th e  SMILI 2 helium  sp ec tru m  used 
to  o b ta in  th e  finite energy resolution corrections. T h e  ra tio  of E L/ E m for each energy 
b in  is a  correction factor for th e  finite energy resolution effect which varies from 0.99 
a t  low energies to  0.94 a t  high energy. Fig. 7.9 shows th e  correction for th e  finite 
energy resolution as the  function  of th e  helium kinetic energy.
7.1.5 The Instrum ental Fluxes
A t th is  s tage, since all in s t ru m en ta l  corrections are available , one can ob­
ta in  th e  cosmic ray  fluxes as they  are m easured  by th e  in s t ru m en t .  T he  absolu te  
differential cosmic ray  fluxes are expressed as n u m b er  of partic les  p er  area, solid 
angle, u n it  t im e , and  kinetic  energy. T h e  area  and the  solid angle of th e  SMILI 
d e tec to r  were ob ta ined  as th e  com bined accep tance of th e  in s t ru m en t .  T h e  to ta l  
t im e  of th e  exposure  was 58,872 s. This tim e had  to corrected  by th e  dead  tim e 
du ring  which triggers were inh ib ited . In the  case of SMILI 2, th is  correction  was de­
te rm in ed  from the  in s t ru m en t  live tim e provided in th e  housekeeping d a ta  (Fig. 4.6) 
as 0.79 ±  0.03. T h e  final ac tive exposure  tim e was 46,685 ±  1401 s.
A dditional corrections had  to  be included. As a lready  discussed, a  small 
f rac tion  of d a ta  was missing e ither due to  problems w ith  downlink transm ission
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F i g u r e  7.8: R esu l tan t  fits used to  d e te rm in e  th e  finite energy resolution correction 
for charge 2. T h e  in p u t  sp ec tru m  represen ts  th e  t ru e  sp ec tru m , while th e  o u tp u t  










0 500 1000 1500 2000
K in e t ic  E n e r g y  (M e V /n u c le o n )
F igu re  7.9: The finite energy resolution correction for charge 2.
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during  th e  flight, during  th e  d ig itiza tion , or finally when fixing th e  raw d a ta .  This 
correction  was equal to  1.09. T h e  correction for the  missing t im ing  T D C s ,  discussed 
in C h a p te r  5, was de te rm ined  to  be 1.04 (Section 6.1). T h e  correction for th e  events 
missing because  the ir  t ra je c to ry  was in any corner of th e  SI or S2 scin tilla tor was 
derived by  th e  M on te  Carlo p rog ram , and it had  a  value of 1.01 for charge 1 and  
charge 2 partic les .
Before p resen ting  th e  in s t ru m en ta l  fluxes, we discuss th e  m e th o d  of b in ­
ning events  in to  th e  a p p ro p r ia te  kinetic energy intervals. T h e  kinetic energy of a 
par tic le ,  as de term ined  from its T im e-of-Flight, corresponded  to  th e  ac tu a l  p a r t i ­
cle energy som ew here betw een  th e  S i  and S2 scintilla tors , due to  th e  energy loss 
a par tic le  experienced  when travelling th rough  th e  in s t ru m en t .  However, th e  ac­
cep tance  of th e  SMILI d e tec to r  was ob ta ined  for k inetic energies a t  th e  top  of the  
S i  scin tilla tor . This  difference betw een kinetic energy a t  th e  top  of S i  scin tilla tor 
and  th e  T O F  k inetic  energy can be neglected a t high partic le  energy where the  
energy loss is small and  a lm ost cons tan t ,  bu t  it m ust  be tak en  in to  account a t low 
kinetic  energies where th e  energy loss rapidly  increases with  decreasing kinetic en­
ergy of th e  partic le .  T h is  prob lem  was solved by binning events  using th e  kinetic 
energy a t  th e  top  of S i  scintilla tor . As already po in ted  ou t  (Section 5 . 3 . 2 ) ,  in  or­
der to  d e te rm in e  th e  partic le  charge, one had  to know th e  k inetic  energy a t th e  
top  of th e  SI sc in ti lla tor  and this kinetic energy was used when assigning charge 1 
and  charge 2  events in to  ap p ro p r ia te  energy bins. This  app roach  creates an o th e r  
problem . T hese  fluxes w ith  energies a t the  top  of the  SI sc in tilla tor  are no t iden­
tical to  th e  t ru e  fluxes at th e  top  of the  SI scintilla tor, since th ey  were not cor­
rec ted  for th e  frag m en ta t io n  in th e  SI scintillator. T he  charge consistency test 
ZRA D  =  y / Q s i m r .  -  y s l  B T V  re sp .  )! +  ( \ /S 2  re sp . y / S 2 B T V  r e s p .)  <  1 . 5  rem oved
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events  which did no t have th e  sam e charge in th e  S i  and  S2 sc in tilla tor due  to  
f rag m en ta t io n  inside th e  in s t ru m en t .  T he  next section will p resen t  th e  procedures 
used to  de term ine  t ru e  in s t ru m en ta l  fluxes below th e  S i  sc in tilla tor,  and  nex t ,  the  
fluxes a t th e  top of th e  a tm osphere .
Table 7.1 presents  th e  preliminary, in s t ru m en ta l  fluxes of high energy he­
lium  at th e  top  of th e  S i  scin tilla tor , while Tables 7.2 - 7.5 show th e  low energy 
prelim inary , in s t ru m en ta l  fluxes of p ro tons, deu terons, 'He, and  a  par tic les inc lud­
ing in s tru m en ta l  corrections. In the  case of the  low energy fluxes, th e  n u m b er  of 
events  in each energy bin was determ ined  by requiring mass to  be  w ith in  0.5 am u of 
its expected  in teger value. T h e  uncerta in ties  were derived using th e  error p ro p a g a ­
tion  which, besides s ta t is t ica l  errors, included the  uncerta in ties  of th e  acceptance, 
s ta n d a rd  criteria, and  D T  efficiency as well as th e  u n ce r ta in ty  in th e  exposure  time.
7.2 The Atm ospheric Corrections
T h e  cosmic ray particles had to travel on average th ro u g h  5.18 g / c m 2 of 
air, 0.762 g / c m 2 of u re th a n e  foam which insu la ted  the  in s t ru m en t ,  0.857 g / c m 2 of 
th e  a lum in ium  gondola shell, and finally 1.97 g / c m 2 of th e  SI sc in ti lla tor  to  be 
de tec ted  by  th e  SMILI in s t ru m en t .  T h e  8.87 g / c m 2 of m a t te r  betw een  th e  de tec to r  
and  th e  top  of th e  a tm osphere  (T O A ) is close to  the  g ram m age  th e  cosmic rays pass 
th ro u g h  from their  sources to  th e  solar system. W hen  passing th ro u g h  m a t te r ,  the  
charged  partic les lose energy and are transform ed th rough  nuclear in te rac t io n  w ith  
th e  m edium . In sum m ary ,  th e  partic les detec ted  a t the  dep th  of 8.87 g / c m 2 are not 
exactly  th e  same particles which are a t the  T O A .
In the  previous section, I p resen ted  the  fluxes of p ro tons ,  deu terons ,  3He, 
and  a  particles w ith  kinetic energy below 200 M eV /nuc leon  and  th e  helium  flux for 
th e  k inetic energy range betw een 100 - 2000 M eV /nuc leon  above th e  S i  scintilla tor.
199
T a b l e  7.1: T h e  high energy helium  flux a t the  top  of th e  S i  scin tilla tor .  T h e  flux 
is given in partic les  / ( m 2 s sr M eV /n u c leo n )  x 10- 3 .

















100- 200 1107 138.1 0.775 0.920 0.998 27.33 ±  1.87
200- 300 1285 135.8 0.758 0.880 0.999 34.70 ±  2.16
300- 400 1359 144.0 0.752 0.810 0.999 37.85 ±  2.31
400- 500 1245 144.8 0.741 0.733 0.996 38.47 ± 2.33
500- 600 1062 143.4 0.730 0.690 0.993 35.55 ±  2.26
600- 700 929 142.3 0.699 0.632 0.990 35.65 ±  2.33
700- 800 782 143.0 0.709 0.577 0.987 32.26 ±  2.37
800- 900 720 142.7 0.658 0.580 0.984 31.84 ±  2.15
900- 1000 649 143.7 0.709 0.545 0.982 28.02 ±  1.90
1000- 1100 522 141.5 0.645 0.513 0.978 26.55 ±  1.96
1100- 1300 968 140.4 0.645 0.517 0.970 24.45 ±  1.58
1300- 1600 1182 140.4 0.654 0.504 0.957 19.87 ±  1.22
1600- 2000 1186 142.0 0.602 0.481 0.936 16.43 ±  0.98
T a b l e  7.2: T h e  low energy p ro to n  flux a t the  top  of th e  S i  scin tilla tor . T h e  flux is 
given in partic les / ( m 2 s sr M eV /n u c leo n )  x 10~3.











60.0 - 80.0 1952 95.3 0.823 0.884 344.53 ±  21.03
80.0 - 100.0 1723 114.6 0.807 0.679 335.30 ±  18.11
100.0 - 120.0 1054 127.2 0.766 0.445 297.24 ±  17.14
120.0 - 140.0 562 128.0 0.727 0.313 235.96 ±  15.40
140.0 - 160.0 319 126.2 0.661 0.189 247.18 ±  18.19
160.0 - 180.0 185 125.3 0.725 0.117 213.35 ±  20.47
180.0 - 200.0 50 84.3 0.544 0.075 177.61 ±  29.56
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T a b l e  7.3: T h e  low energy deu teron  flux a t th e  top  of th e  S i  scin tilla tor .  T h e  flux 
is given in partic les  / ( m 2 s sr M eV /n u c leo n )  x 10- 3 .











40.0 - 60.0 442 130.5 0.849 0.9384 52.00 ±  3.95
60.0 - 80.0 251 139.5 0.823 0.8835 30.26 ±  2.57
80.0 - 100.0 156 141.2 0.807 0.6792 24.64 ±  2.35
100.0 - 120.0 96 139.4 0.766 0.4448 24.70 ±  2.79
120.0 - 140.0 54 136.4 0.727 0.3128 21.28 ±  3.08
140.0 - 160.0 25 140.7 0.661 0.1893 17.38 ±  3.57
160.0 - 180.0 14 131.7 0.725 0.1167 15.36 ±  4.21
T a b l e  7.4: T h e  low energy 3He flux a t th e  top  of th e  S i  scintilla tor . T h e  flux is 
given in  partic les / ( m 2 s sr M eV /n u c leo n )  x 10~3.











60.0 - 80.0 26 86.2 0.770 0.9759 4.90 ±  1.03
80.0 - 100.0 28 138.1 0.808 0.9651 3.17 ±  0.62
100.0 - 120.0 26 142.1 0.791 0.9503 2.97 ±  0.60
120.0 - 140.0 34 139.8 0.768 0.9342 4.15 ±  0.73
140.0 - 160.0 54 141.6 0.780 0.9196 6.50 ±  0.93
160.0 - 180.0 40 144.9 0.784 0.9084 4.74 ±  0.78
180.0 - 200.0 41 144.9 0.764 0.8999 5.03 ±  0.81
T a b l e  7.5: T h e  low energy a  flux a t the  top  of the  S i  scintilla tor. T h e  flux is given 
in partic les  / ( m 2 s s r  M eV /n u c leo n )  x 10~3.











60.0 - 80.0 125 136.1 0.770 0.9759 14.93 ±  1.71
80.0 - 100.0 113 140.6 0.808 0.9651 12.58 ±  1.31
100.0 - 120.0 142 141.8 0.791 0.9503 16.27 ±  1.54
120.0 - 140.0 144 139.6 0.768 0.9342 17.58 ±  1.65
140.0 - 160.0 185 141.4 0.780 0.9196 22.29 ±  1.88
160.0 - 180.0 187 147.0 0.784 0.9084 21.84 ±  1.91
180.0 - 200.0 173 144.9 | 0.764 0.8999 21.22 ±  1.84
T h e  prob lem  th a t  these fluxes did not represent the  ac tua l  fluxes above th e  S i  scintil­
la to r ,  since they  were not backw ard  corrected for the  f ragm en ta t ion  losses in th e  S i 
sc in tilla tor was addressed. In order to  ob ta in  the  t ru e  in s t ru m en ta l  fluxes, th e  fluxes 
as given above th e  S i  scin tilla tor were corrected for th e  different energy bin  w id ths 
above and  below th e  S i  scin tilla tor and one can assum e th a t  these  fluxes below the  
SI sc in tilla tor represen ted  th e  true , m easured , in s t ru m en ta l  fluxes, and  th ey  are p re ­
sen ted  in Tables 7.6, 7.7, 7.8, 7.9, and 7.10, toge ther with  th e  corresponding fluxes 
a t  1 A.U. T h e  energy loss corrections in the S i scintilla tor were ca lculated  for each 
species using a set of routines described in the next section. These corrections for the  
high energy helium varied from 0.94 for lowest energy bin (100 - 200 M eV /nuc leon)  
up to  1.0 for the h ighest energy bin (1600 - 2000 M eV /nuc leon) .  For the  lowest p ro ­
ton  energy bin (60 - 80 M eV /nuc leon ) ,  this correction was equal 0.74, while for the  
h ighest energy bin (180 - 200 M eV /nuc leon) 0.97 and for deu terons, this correction 
varied be tw een  0.75 a t 40 - 60 M eV /nuc leon  up to  0.98 a t 160 - 180 M eV /nuc leon .  
For th e  low energy liHe partic les, at the lowest energy bin (60 - 80 M eV /nuc leon ) ,  
th e  correction  for th e  energy loss in S i scin tilla tor was equal 0.60 and  at th e  highest 
energy bin (180 - 200 M eV /nuc leon)  was 0.96. For the  low energy a  partic les, at 
the  lowest energy bin (60 - 80 M eV /nuc leon) ,  this correction was equal 0.74 and 
was 0.97 a t th e  highest energy bin (180 - 200 M eV /nuc leon).
T h e  following subsections present techniques which were applied to  d e te r­
m ine th e  flux of th e  high energy helium and the  low energy p ro tons ,  deuterons, 
:,He, and  a  partic les  a t  th e  top of the  a tm osphere  from th e  given fluxes of these 
species below th e  S i  scintilla tor. F irs t,  we will discuss th e  corrections for th e  en­
ergy loss th e  charge partic les experienced in the  residual m a t te r  above and  inside 
th e  de tec to r  and next we present m ethods applied to  de term ine  p roduc tion  gains
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and  f rag m en ta t io n  losses due to  nuclear in teractions of th e  cosmic rays w ith  the  
residual m edium .
7.2.1 Energy Loss
T h e  energy loss for any stopping  m edium  was calcu la ted  using th e  set 
of rou tines  w ri t ten  by  T om asch  (1988), which are based on papers  by Barkas and  
Berger (1964), and  B en ton  and  Henke (1967). T hese  rou tines  were modified fur­
th e r  by Clem (1993a). T he  first rou tine  calculated  th e  partic le  range for th e  given 
charge, m ass , and  kinetic energy in M eV /nuc leon .  T h e  second ro u tine  calculated  
th e  par tic le  k inetic energy from  its residual range. T hese  tw o routines  were e m b ed ­
ded in to  a larger software package which allowed the  user to  define and  select the  
s topp ing  m ed ium  and  to  ca lculate  residual kinetic energy of the  incident particle .
All four different m ed ia  above the  SMILI in s t ru m en t  (sc in tilla tor,  a lu­
m in iu m , u re th an e ,  and  air) were com bined in to  a single s topp ing  m ed ium  according 
to  the ir  re la tive  con tr ibu tion  to the  to ta l  am o u n t of m a t te r .  In order to  ob ta in  the  
energy of th e  helium  at th e  top  of the  a tm osphere ,  an a ssum ption  was m ade , th a t  
th e  helium  is com posed in 13% of 'H e and  in 87% of 'He, since th e  residual range 
of these  tw o  species is different for th e  same kinetic energy. T h e  calculations of the  
kinetic energies a t  T O A  for low energy p ro tons, deu terons ,  3He, and  a  partic les 
were m ore  s tra igh tfo rw ard  since they did not require  th e  a ssum ption  concerning 
com position  th a t  had  to  be  m ad e  when calculating  the  helium  energies a t  T O A .
7.2.2 Fragmentation and Production
This  section presen ts  m ethods  used to  de term ine  gains and  losses of the  
flux of each species which result from the  produc tion  and  f rag m en ta t io n  during 
nuclear in te rac t ions  of th e  cosmic rays with  m a t te r  above the  in s t ru m en t .  This
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required  a review of existing experim enta l  m easu rem en ts  of th e  ap p ro p r ia te  cross 
sections, as well as ca lculations which scaled th e  m easu rem en ts  m ad e  a t known 
energies and  known ta rge ts  to  the  energy ranges and  th e  ta rge ts  for which th e  cross 
sections were not m easured .
T h e  derivation of th e  fragm en ta t ion  gains and  losses were done separate ly  
for hydrogen  and  helium  isotopes. F irs t,  we describe the  m eth o d s  used to  e s t im ate  
th e  con tr ibu t ion  of th e  secondary  p roduc tion  of p ro tons  and  deu terons  above th e  
in s t ru m en t ,  and we com pare the  results ob ta ined  in this s tudy  w ith  o th e r  available 
d a ta .  Section 7.2.2.2 deals w ith  th e  problem  of p roduc tion  and  frag m en ta t io n  in 
th e  case of helium isotopes.
7.2.2.1 Hydrogen Isotopes Gains and Losses
This  section presen ts  m ethods  used to  de term ine  th e  co n tr ib u t io n  of p ro ­
tons and  deu terons p roduced  above the  SMILI in s t ru m en t  to  th e  fluxes of b o th  
species, as they  were m easured  by this de tec to r  as well the losses due to  f rag m en ta ­
tion and  absorp tion . T h e  in te rp re ta t io n  of the  m easu rem en ts  of low energy p ro to n  
and  deu teron  fluxes by the  balloon-borne in s tru m en ts  requires large a tm ospheric  
corrections which have been s tud ied  by Rygg and  Earl  (1971), Y ushak  (1977), and  
m ost recently  by  P ap in i  et al. (1993a, 1993b) with widely differing results. T he  
high s ta tis tics  of th e  SMILI experim en t for these  two species in th is  energy range 
provides an o p p o r tu n i ty  to  address this p roblem  and  to  d ifferentiate betw een  the  
existing  models.
F irs t ,  we will discuss the  p roduc tion  channels of b o th  p ro tons  and  
deu terons in th e  in teractions induced by cosmic ray  particles and  p resen t th e  rele­
van t cross sections and  k inem atics.  N ext, we will show the  results  of calculations 
which used th e  existing cosmic ray  p ropaga tion  code (G arcia -M unoz et al. 1987)
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to  d e te rm in e  p ro to n  and  d eu te ro n  fluxes a t the  in s t ru m en t  from  know n fluxes of 
p ro tons ,  deu terons ,  a  par tic les ,  and  heavier species at th e  top  of th e  a tm osphere .  F i­
nally, we will p resent th e  conventional techn ique  of deriving fluxes of secondary  p ro ­
tons an d  deu te rons  applied to  th e  SMILI m easu rem en ts  a t  th e  d e p th  of 8.87 g / c m 2, 
at th e  ex trem e  of th e  solar m odu la t ion  and com pare th e  results  using th is  con­
ventional tech n iq u e  to  derive th e  fluxes of secondary  p ro tons  and  deu terons  a t  th e  
d ep th  of 5 g / c m 2 of air w ith  th e  published results ob ta ined  a t th e  sam e a tm ospheric  
d e p th  and  for different levels of th e  solar m odula tion .
T h e  in terac tions  of cosmic ray particles w ith  air nuclei are an a b u n d a n t  
source of secondary  partic les and  con tr ibu ted  to  th e  discovery of new partic les  early  
th is  cen tury , w hen g round based  accelerators were no t available. In th is  s tudy , we 
are in te re s ted  in p ro tons  and deu terons of secondary origin.
T h e  p roduc tion  of p ro tons  in air can result  th ro u g h  th e  following channels:
1. N +  A —> ’ H +  X - th e  evapora t ion  cascade or recoil,
2. 2H +  A —> !H +  X - deu teron  destruc tion ,
3. 4He +  A —> 1H +  X - helium  fragm enta tion ,
4. 12C -f A —» 'H  +  X - f rag m en ta t io n  of nuclei heavier th a n  helium ,
where N rep resen ts  an inciden t nucleon, A represents  a ta rg e t  air nucleus, X  rep re ­
sents  th e  residual fragm ents  including the  nucleon inducing th e  in te rac t io n  process 
and  12C was selected to  rep resen t  th e  cosmic ray  nuclei heavier th a n  helium.
T h e  m ost significant con tr ibu t ion  comes from the  first channel,  due to  
th e  p ro to n  ab u n d a n ce  in cosmic rays and the  p roduc tion  of secondary  neu trons  
which are n o t  affected by ionization  energy loss. This  p ro d u c tio n  can be sepa ra ted  
in to  two m odes. More energetic  nucleons are produced  by th e  b inary, quasifree 
collisions be tw een  th e  inciden t nucleon and  th e  ta rge t  nucleons during  th e  early
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stages of th e  in te rac t io n  (cascade process) (M etropolis  et al. 1958, T ang  et al. 1990) 
and  nex t ,  th e  excited  co m pound  ta rg e t  nucleus em its  isotropically  slow nucleons 
(ev apora tion )  (P ap in i  et al. 1993a, Tang et al. 1990) w ith  energies below 25 MeV. 
P ap in i  et al. (1993a) ap p ro x im a ted  the  angu lar  d is tr ibu tion  of th e  recoiled nucleons 
using th e  re la tion
<p (0) =  (0.032 +  0.282 e “ 2-95 ~ tos 0 }) (7.6)
inferred  from d a ta  p resen ted  by Powell et al. (1959).
T h e  to ta l  reaction  cross section for pro tons on an air ta rg e t  can be derived 
following B arb e r  et al. (1980). T h e  to ta l  elastic nucleon-nucleon cross section as a 
func tion  of th e  velocity /3c of th e  incident nucleon for kinetic energy of th e  incident 
nucleon below 600 M eV is given by M etropolis et al. (1958)
< r ( n n ,p p ) =  ( ™ - ~ + 4 2 . 9 j m b  (7.7)
<r(pn) =  +  82.2)  m b (7.8)
and  th e  average value of b o th  cross sections represents  th e  to ta l  reac tion  cross 
section for th is  energy range. For th e  higher k inetic energies of th e  inciden t p ro ton ,  
one can use re la tions  given in  th e  Review of Part ic le  P roper ties  (1992) for th e  proton- 
p ro to n  to ta l  cross section and  th e  p ro to n -p ro to n  elastic cross section to  de term ine  
th e  to ta l  reaction  cross section for the  p ro ton -p ro ton  reaction. T hese  cross sections 
are given as functions of th e  m o m e n tu m  (p) of the  incident pro ton .
<rei(pp) =  11.9 +  26.9 p -1 '21 +  0.169 ln2(p) +  1.85 ln (p ) 




Fig. 7.10 shows b o th  cross sections for low and  high energies of th e  incident p ro to n  
after being jo ined  sm ooth ly  and  scaled to  280 m b at the  kinetic energy of 10 GeV 
(Sens 1974, Gaisser 1990) to o b ta in  th e  nucleon - air nucleus cross section. T h e  cross 
section for th e  p ro to n  p roduc tion  in th e  second channel is equal to  th e  deu teron  to ta l  
reaction  cross section on air ta rg e t  (Fig. 7.11). T he  experim en ta l  results of th e  to ta l  
reaction  cross sections for deu terons on a carbon ta rg e t  (Fig. 7.11) were tak en  from 
Jaro s  et al. (1978), A b d rah m an o v  et al. (1980) and  M illburn  et al. (1954) and  scaled 
to  th e  energy range of in te rest  using the p rocedure  described by G arc ia-M unoz et 
al. (1987). T h e  cross section for p ro ton  p roduc tion  from 'H e  was es t im a ted  a t 
10 m b  following W ebber  et al. (1990). T he  cross section for p ro to n  p ro d u c tio n  due 
to  frag m en ta t io n  of a projectile heavier th an  a  partic le  on a ca rbon  ta rg e t  was 
es t im a ted  to  be 100 m b. Olson et al. (1983) gives values 18.8 m b  and  70 m b  for 
th e  p ro to n  p roduc tion  cross section from the  carbon  pro jec tile  w ith  k inetic  energy
1.05 G eV /n u c leo n  and  2.1 G eV /nucleon , respectively, on a ca rbon  ta rg e t ,  b u t  w ith in
12.5 m rad  of th e  incident beam  direction.
D eu te rons  can be produced  in air th rough  th e  following in te rac t io n  c h a n ­
nels (B a rb e r  et al. 1980):
1. N +  A —> 2H +  A' +  N' - th e  quasielastic sca tte ring ,
2. N +  A —> 2H +  A" -f 7r - th e  evaporation  cascade or recoil,
3. ‘'H e  4- A —> 2H +  X - a helium  fragm en ta t ion ,
4. 12C +  A —> 2H +  X - a f ragm en ta t ion  of nuclei heavier th a n  helium,
where as in th e  case of p ro ton  p roduc tion ,  N represents  an inciden t nucleon, A 
represen ts  a  ta rg e t  air nucleus, X represents  the  residual f ragm ents  including  th e  
nucleon inducing  the  in terac t ion  process, and 12C was selected to  represen t th e  
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F i g u r e  7.10: T h e  to ta l  p ro ton  - p ro ton  (solid line) and p ro ton  - air nucleus (dashed  
line) reaction  cross sections.
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F i g u r e  7.11: T h e  to ta l  reaction  cross sections for the  des truc tion  of a  d eu te ron  on 
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F i g u r e  7.12: D eu te ron  sp ec tru m  observed a t th e  angle 6 — 7.6° (K om arov  1974). 
D eu te rons  were produced  in th e  reaction induced by the  675 M eV p ro to n  beam  on 
a 12C ta rg e t .  T h e  deu teron  m o m en tu m  of 500 M eV /c  corresponds to  th e  deuteron  
kinetic energy of 32 M eV /nuc leon .
differential cross section of th e  deuteron  p roduction  th rough  the  first two channels. 
T h e  arrows indicate  energies corresponding to  th e  deu teron  produc tion  by a p ro ton  
on a p ro ton  ta rg e t  w ith  pion produc tion  where th e  deu teron  is em it ted  forward 
and  backw ard  in th e  C en ter  of  Mass system , the  elastic p ro ton  sca tte ring  on the  
deu te ro n ,  deu teron  p roduc tion  with neu tro n  pick-up and 7  emission, and  finally 
d eu te ron  p roduc tion  by p ro tons on a carbon ta rg e t  w ith  th e  residual 11C nucleus 
rem ain ing  in th e  g round s ta te .
T h e  cross section for the  first two channels can be es t im a ted  following 
B a rb e r  et al. (1980) and  using th e  results of several experim ents  in which fast 
deu te rons  em it ted  at different angles were de tec ted  in pro ton  induced reactions on 
ta rg e ts  ranging  from 'H e to  n a tu ra l  lead (K om arov  1974), and in which th e  energy 
of th e  p ro to n  beam  varied betw een 382 - 1260 MeV. T h e  results ind ica te  th a t  the
fas t  deu terons  were p roduced  in th e  reaction p +  ( A, Z)  —> d +  p +  (A — 2 , Z — 1) 
(quasi-elastic  sca tte r ing )  and  th e  differential cross section is re la ted  to  th e  cross 
section for th e  elastic p ro ton  - deu teron  sca tte r ing  according to:
—  ^p +  (A, Z) —>d +  p +  (A — 2 ,Z  — l ) j  =  kj A 1/3^ ( p d  —> dp) (7.11)
w ith  k] being ap prox im a te ly  constan t  ( to  w ith in  20%) for various angles in th e  case 
of a ca rbon  ta rg e t .  T h e  to ta l  cross section for th e  deu teron  p ro duc tion  th rough  
channel 1 was o b ta in ed  from
<r(NA -> N 'A "d) =  k , A ,/3o-(pd -+ dp) (7.12)
T h e  differential cross sections for the  elastic sca tte ring  p +  d —* d +  p were compiled 
from  B u n k er  et al. (1968), Davison et al. (1963), P o s tm a  and  W ilson (1961), K u ro d a  
et al. (1966), C ham berla in  and  Clark (1956), B en n e tt  et al. (1967), in tegra ted ,  
and  jo ined  sm ooth ly  with  th e  same cross section given in the  Review of Partic le  
P ro p er ties  (1992) in term s of p ro ton  m o m en tu m  (p) a t higher energies (Eq. 7.13).
o-ei(pd) =  16.1 +  0.32 ln 2(p) -  3.4 ln (p ) (7.13)
A fterw ards, th e  re su ltan t  curve was scaled to  air assum ing k i A 1/3 =  6.4 (K o­
m arov  1974, S u tte r  et al. 1967) (Fig. 7.13).
T h e  similar rela tion  holds in th e  case of deu terons p roduced  in th e  quasifree 
p ro d u c tio n  reac tion  (channel 2). T he  results suggest th a t  the  differential cross 
sections are re la ted
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w ith  k 2 being approx im a te ly  co n s tan t  (to w ithin 40%) for various angles for a ca r­
bon  ta rg e t .  T h e  to ta l  cross section for the  quasi-free d eu te ron  p ro d u c tio n  can be 
ca lcu la ted  according to:
cr(NA —> ^ d A ')  =  k 2A '^ V ( p p  —■> 7r+d) (7-15)
and  using th e  cross section for th e  reaction  p +  p —> d +  7r+ given by M eyer (1972) 
and  scaling by k 2A*/3 =  1.89 to  an air ta rge t  (K om arov  1974) (Fig. 7.14).
T h e  A 1/ 3 dependence  in bo th  rela tions (Eqs. 7.11 and  7.14) implies th a t  
th e  cross sections for b o th  reactions (channel 1 and  channel 2) are re la ted  to  the  
d iam ete r  of th e  ta rg e t  nucleus and  implies th a t  deu terons p roduced  in  these  reaction  
were form ed close to  th e  surface of th e  ta rg e t  nucleus.
T h e  angu la r  d is tr ibu tion  of th e  recoiled deu terons can be ap p ro x im a ted  
by th e  sam e re la tion  as for p ro tons  (Eq. 7.6). T h e  angu lar  d is tr ibu tion  for the  
d eu te ro n  p ro duc tion  in th e  reaction  p +  p —♦ d -f 7r+ in th e  C en te r  of Mass is given 
by M eyer (1972) and  P ap in i et al. (1993b) in form <f> (0) — (0.22 +  cos2 6 ) / 6.95.
T h e  cross section for the  deu teron  p roduc tion  from the  helium  frag m en ta ­
tion  on air nucleus is given by P ap in i et al. (1993b) (Fig. 7.15) and  th e  k inem atics  for 
th is  in te rac t io n  was rep resen ted  by th e  energy d is tr ibu tion  of the  p roduced  deu teron  
E  (M eV /n u c leo n )  in th e  form  </>(E) =  0 .063e x p ( —0.063E) (P ap in i  et al. 1993b, 
R a m a ty  and  Lingelfelter 1969) and , lacking b e t te r  in form ation , th e  lowest k inetic 
energy of th e  p roduced  deu teron  was assum ed to  be 0.7 of th e  k inetic  energy of 
th e  inciden t a  partic le . This  m eans th a t  deuterons with  k inetic energy E were p ro ­
duced  as th e  result  of th e  fragm en ta t ion  of incident a  partic les w ith  th e  k inetic 
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F i g u r e  7.13: T h e  cross sections for d eu te ron  p roduc tion  in p ro ton  quasielastic 
sca tte r ing  with  p ro ton  (solid line) and  air nuclei (dashed  line). Solid squares denote  
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F i g u r e  7.14: T h e  cross sections for deu teron  p roduc tion  in p ro ton  induced  quasifree 
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F i g u r e  7.15: T h e  cross section for deu teron  p roduc tion  due to  helium  fragm en­
ta t io n  on  air nuclei (P ap in i  e t al. 1993b). T h e  dashed line ind icates  th e  ed u ca ted  
guess m ad e  in th is  work.
T h e  d eu te ron  p ro d u c tio n  cross section from th e  frag m en ta t io n  of nuclei 
heavier th a n  helium  was derived by scaling deuteron  p ro duc tion  cross section from 
a  par tic les  to  292 m b a t  1.05 G eV /n u c leo n  and  314 m b at 2.1 G eV /n u c leo n  given 
by Olson et al. (1983) for the  deu teron  p roduc tion  in th e  in te rac t ion  of th e  carbon  
pro jec tile  w ith  a  ca rbon  ta rg e t .  T h e  k inem atics  of this reaction  was ap p ro x im a ted  
assum ing  t h a t  th e  k inetic  energy of th e  produced  deu teron  was 0.4 of t h a t  of the  
incident pro jec tile  (H ayakaw a 1969, Gaisser 1990). T h e  deu teron  to ta l  reaction  
cross section was a lready  discussed and  was shown in Fig. 7.11.
Initially, we a t te m p te d  to use the  cosmic ray  p ro p ag a tio n  code described, 
in detail ,  elsewhere (G arc ia -M unoz et al. 1987) to derive the  fluxes of p ro to n s  and 
deu terons  a t  th e  in s t ru m en t  assum ing  known fluxes of pro tons ,  deu terons ,  a  p a r t i ­
cles, an d  ca rbon ,  rep resen ting  all cosmic ray  nuclei heavier th a n  th e  a  pa r tic le ,  a t
th e  top  of th e  a tm osphere .  This code is p rim arily  designed to  represen t th e  p ro p a ­
ga tion  of th e  cosmic rays th ro u g h  the  in ters te llar  m edium  and  models th e  ionization  
energy loss by th e  charged  partic les and  gains and  losses due to  th e  nuclear in te rac ­
tions of cosmic rays w ith  the  in ters te lla r  m edium  composed m ostly  of hydrogen  and  
helium . T h e  k inem atics  of nuclear reactions in this code assumes t h a t  th e  leading 
fragm en t p ro duced  in  th e  in terac t ions  travels  w ith  the  sam e velocity as th e  p ro jec­
tile which induced  th e  reaction . T h e  p a r t  of the  code which handles th e  energy loss 
was slightly modified to account for th e  difference betw een the  in ters te lla r  m edium  
(hydrogen , and  helium ) and  th e  stopping  m edium  above th e  SMILI de tec to r  (air, 
u re th a n e  foam, a lum in ium , and  scintilla tor), and the  in fo rm ation  abou t th e  angular 
d is tr ibu tion  of th e  p roduced  pro tons and deuterons as well as the  cross sections were 
inco rpora ted .  This  p ro p ag a tio n  code requires known in p u t  fluxes a t  th e  top  of the  
a tm o sp h ere  (T O A ) and  they  were derived as follows. T he  helium  flux a t  T O A  was 
rep resen ted  by th e  a  partic le  flux with  the  spec trum  of the  form d J ( E ) /d E  =  A P -2 '68 
(Seo et al. 1991) a t th e  heliosphere boundary  and was fu r th e r  m o d u la ted  using the  
solar m o d u la t ion  p a ra m e te r  4> =  1.5 GV. This  solar m odu la t ion  level was derived 
from  th e  in d ep en d en t  m easu rem en t of the  helium flux at 1 A.U. by th e  SMILI 2 
ex p er im en t and  is p resen ted  in Section 7.3. T he  local in te rs te lla r  p ro to n  spec trum  
was provided courtesy  U niversity  of Chicago, while th e  local in te rs te lla r  deu teron  
sp ec tru m  was tak en  from B e a t ty  et al. (1985), and the  local in ters te llar  spec trum  
of ca rbon  was scaled by a factor 0.095 (Simpson 1983) from the  local in ters te llar  
sp ec tru m  for a  partic les. All these th ree  local in ters te llar  spec tra  were m odu la ted ,  
in order to  ob ta in  respective spec tra  a t 1 A.U., using the  sam e solar m odu la t ion  
p a ram e te r  (j> =  1.5 GV  derived from the  m easured helium flux. T h e  m easu red  fluxes 
of p ro tons  and  deu terons a t  8.87 g / c m 2 are com pared  with  the  re su ltan t  fluxes of
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b o th  species derived using th e  modified cosmic ray  p ro p ag a tio n  code in  Fig. 7.16, 
an d  these  results do no t rep roduce  the  decreasing m easured  low energy sp ec tra  of 
p ro tons  and  deuterons w ith  increasing energy.
T h e  m ajo ri ty  of secondary  pro tons and  deuterons a t  th e  energy range  of 
in te rest  are p roduced  in the  in terac tions  induced  by nucleons on air nuclei (P ap in i  et 
al. 1993a, 1993b). T h e  simple k inem atics describing these  in te rac t ions  assum ed th a t  
secondary  p ro tons and  deu terons were produced  as th e  result,  on average, of only one 
collision of th e  incident nucleon or pa ir  of nucleons inside th e  ta rg e t  air nucleus. This 
results  in  th e  kinetic energy of the  produced  p ro ton  or deu teron  being higher th a n  if 
th ey  are produced  as th e  result  of the  nuclear cascade (M etropolis  et al. 1958, Tang 
et al. 1990). This  m ight explain why the  results of the  calculations p resen ted  above 
could not reproduce th e  sp ec tra  of pro tons and  deuterons. T h e  im p lem en ta t io n  of 
m ore com plicated  kinem atics required too m uch  tim e, and  it  is no t certa in  how well 
i t  would work in th e  fram ework of the  p ropaga tion  code. N eu trons  would have to  
b e  included toge ther  w ith  th e  charge exchange m echanism , b o th  of which are  no t 
cu rren tly  in th e  code.
R a th e r ,  we have used a more conventional approach  to  e s t im ate  th e  sec­
o n d a ry  p ro to n  and deu teron  fluxes following Rygg and  Earl  (1971). This  approach  
uses th e  emulsion d a ta  (Powell et al. 1959) to  ob ta in  the  secondary  flux a t  dif­
fe ren t a tm ospheric  dep ths . T h e  flux of the  secondary p ro tons or deu terons w ith  a 
k inetic  energy E (M eV /nuc leon)  produced  a t x  =  8.87 g / c m 2 of m a t t e r  above th e  
in s t ru m en t  was determ ined  according to  the  relation
F sec(E ,x )  =  l / ( d E / d x ) ( Q ( E ,x )  -  Q (E x,x ) )  (7.16)
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F i g u r e  7.16: T h e  fluxes of p ro tons  and deuterons m easured  by th e  SMILI 2 in ­
s t ru m en t  a t  8.87 g / c m 2 and th e  results of using th e  p ropagation  code to  derive th e  
p ro ton  and  d eu te ro n  sp ec tra  a t th e  same dep th  (solid lines). T h e  T O A  pro ton  and  
deu teron  sp ec tra  are shown as dashed lines.
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for a par tic le  w ith  charge Z and  the  velocity v, due to  large n u m b er  of collisions in  th e  
m ed iu m  w ith  an e lec tron  density  n c, a tom ic n u m b er  Z,n, and  th e  m ean  logarithm ic  
exc ita tion  energy I (Ahlen 1980, Review of P art ic le  P roper ties  1992, Leo 1994) and  
includes corrections for th e  shell effect C and  the  density  effect 8.
dE  4 irn t.Z'2 eA (  2m,,v2 2 C 8 \
T h e  density  effect correction for a m ed ium  above th e  SMILI d e tec to r  was calcu la ted  
following S te rnheim er et al. (1984) while th e  shell effect correction was determ ined  
according to  Barkas and  Berger (1964).
Q (E ,x) is th e  in tegral source spec trum  modified by th e  th e  nuclear in te r ­
actions effects ( f rag m en ta t io n ) .
A
(7.18)Q (E ,x )  =  A J  d E 'q ( E ' ,x ) e x p
E
R (E ) is th e  range of the  partic le  w ith a k inetic energy E (M eV /nucleon)
R (E )  -  R (E ')
and  m ass A in atom ic  m ass units  and E x is the  k inetic energy of the  partic le  at 
x  =  O g /c m 2 with  a corresponding  kinetic energy E a t the  d ep th  x g / c m 2.
T h e  source sp ec tru m  Q (E ,x) was derived (Rygg and  E arl  1971, Yushak 
1977) using th e  energy d ep en d en t  p roduc tion  d is tr ibu tions  of hydrogen  particles and  
deu terons in  th e  em ulsion which were deduced and  p resented  by Powell et al. (1959). 
T h e  source function  q (E ,x ) for a par tic le  with kinetic energy E (M eV /nuc leon )  and  
m ass A used in th is  work had  the  form:
q (E ,x )  =  0.85 N(A • E) £  ^  exp (7.19)
T h e  factor 0.85 scales secondary  intensities of pro tons and deu terons observed in 
em ulsion to  air (F ich te l  et al. 1964, Rygg and  Earl 1971) and N(A • E) is th e  kinetic
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energy d is tr ibu tion  of th e  secondary  particles emerging from ’s ta r s ’ given by Powell 
et al. (1959) in their  Fig. 13-11 (Bristol d a ta ) .  T he  d is tr ibu tions  used to  de te rm ine  
th e  fluxes of secondary  p ro to n s  and  deuterons produced  in  8.77 g / c m 2 are shown 
in  Fig. 7.17 w ith  Bristo l d a t a  for pro tons, deuterons, and  tr i to n s  com bined , th e  
sep a ra te  Bristo l deu teron  d a ta ,  Bristol helium d a ta ,  and  Bristo l p ro d u c tio n  sp ec tra  
for deu terons ,  and  helium. T h e  p ro ton  and deuteron  p ro d u c tio n  sp ec tra  shown in 
Fig. 7.17 were derived for SM ILI 2 p ro ton  and deu teron  d a ta .  T h e  Bristol spec tra  
were i te ra te d  un ti l  fluxes of secondary  pro tons and  deuterons were app rox im a te ly  
equal to  th e  m easured  fluxes a t  8.87 g / c m 2 in the  lowest energy bins and  th e  fluxes 
of p ro tons  and  deu terons a t T O A  agreed with  th e  expected  spec tra  of these  species 
derived from  known local in te rs te l la r  spec tra  and  the  solar m o d u la t io n  (Fig. 7.16).
T h e  last factor in Eq. 7.19 describes the  d ep th  dependence  of th e  source 
func tion  a t  small a tm ospheric  dep ths  (0 - 15 g / c m 2). T h e  su m m atio n  includes 
p ro to n s ,  helium , and  heavier p r im ary  nuclei. J v. is th e  in tegra l  flux above 1000 
M eV /n u c leo n  and  Az is the  in te rac t io n  m ean  free p a th  for each species. This  form 
of th e  d ep th  dependence was tak en  from Yushak (1977), who deduced it  by  consid­
ering th e  solar m o d u la t ion  effect, th e  s ta r  produc tion  ra te  in th e  air due  to  nuclear 
in te rac t ions  as p resen ted  by Lai (1958), and  the ac tua l  p ro d u c tio n  of secondary  
p ro to n s  de term ined  in th a t  expe rim en t (Yushak 1977). T h e  energy in dependen t  
in te rac t io n  m ean  free p a th s  Az were deduced from th e  available m easu rem en ts  of 
cross sections for th e  to ta l  inelastic  reactions (Sens 1974, Ja ro s  et al. 1978, A bdrah -  
m anov  et al. 1980) and  were equal 86, 45, and 25 g / c m 2 for p ro tons ,  a  partic les , 
and  ca rbon ,  respectively. T h e  partic le  range was calcu la ted  according to  Barkas 
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Figure 7.17: Hydrogen and  helium produc tion  sp ec tra  from Powell et al. (1959) 
and  p ro to n  (long dashed line), deu teron  (do t-dashed  line), and  helium (dashed  line) 
p ro d u c tio n  sp ec tra  used to ob ta in  th e  secondary  p roduction  con tribu tion  for pro ton , 
d eu te ro n ,  and  JHe fluxes m easured  by SMILI 2 at 8.77 g / c m 2.
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Figs. 7.18 - 7.26 com pare  th e  results of th e  calculations of p ro to n  and  
deu teron  secondary  fluxes at th e  a tm ospheric  dep th  of 5 g / c m 2 using th e  techn ique  
p resen ted  above w ith  the  secondary  fluxes given by P ap in i et al. (1993a, 1993b), 
Y ushak  (1977), Rygg and  E ar l  (1971), and  W ebber  et al. (1991) a t  th e  sam e d ep th  
b u t  a t  different levels of solar activity. T he  solar m o d u la t io n  p a ra m e te r  (j> corre­
sponding to  th e  t im e of the  experim ents  of Yushak (1977) and  Rygg and  E ar l  (1971), 
was derived using th e  given in tegra l fluxes of pro tons, a  partic les,  an d  heavier cosmic 
rays above 1000 M eV /nuc leon  and 250 M eV /nuc leon , respectively. T he  solar m o d ­
u lation  p aram ete rs  corresponding to the  results p resen ted  by P ap in i  et al. (1993a, 
1993b) were derived by m o d u la t in g  the  in ters te llar  helium sp ec tru m  using different 
solar m o d u la t ion  p aram eters  and  com paring with th e  given helium  sp ec tra  (P ap in i 
et al. 1993c). T h e  solar m odu la t ion  p a ram ete r  corresponding  to  th e  MASS experi­
m en t  is given as </> =  1.4 GV (W ebber  et al. 1991). T h e  results of th e  calculations 
p resen ted  in this work agree well w ith  the results of Yushak (1977), and  W ebber 
et al. (1991) a t the  com m on kinetic  energy range, who used th e  sam e techn ique  to 
o b ta in  th e  fluxes of secondary  p ro tons and  deuterons.
Rygg and  Earl (1971) norm alized results of their  ca lculations of th e  sec­
o n d a ry  p ro to n  flux for th e  a tm ospheric  dep th  of 3 g / c m 2 to  th e  secondary  p ro to n  flux 
given by Freier and  W add ing ton  (1968) a t the  sam e dep th .  T h ere  are two differ­
ences in approach  betw een Rygg and Earl (1971) and  the  p resen t work. T h e  m ain  
difference is in form of the  source function used by Rygg and  Earl  and  equal to:
q (E ,x )  =  0 . 8 5 N ( A - E ) £ r  (7-20)
i ,


















- 2 0  =  0 .500  GV 
■ -  T his w o rk  
O — P a p in i  (1 9 9 3 a)
20 50 500 1000100 20010
K in e tic  E n e r g y  (M e V /n u c le o n )
F i g u r e  7.18: Secondary  p ro ton  fluxes given by Papini et al. (1993a) a t  5 g / c m 2 
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F i g u r e  7.19: Secondary  deu teron  fluxes given by Papini et al. (1993b) a t  5 g / c m 2 
an d  derived for (j) =  0.5 G V  using th e  m e th o d  described in th e  tex t.
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F i g u r e  7.20: Secondary proton fluxes given by Yushak (1977) a t 4.2 g /c m 2 and 
derived for <j> =  0.7 GV at 5.0 g /c m 2 using the method described in the text.
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F i g u r e  7.21: Secondary  deuteron  fluxes given by Yushak (1977) at 5 g / c m 2 and  
















1 0 L fr0 o o  o o o






6 i o - <j> = 0 .700 GV
■ -  This w ork
O — Rygg & E arl (1971)
10"
10 20  50 100 200  500  1000
K in e t ic  E n e r g y  (M e V /n u c le o n )
F i g u r e  7.22: S econdary  p ro to n  fluxes given by Rygg and  Earl (1971) a t  5 g / c m 2 
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F i g u r e  7.23: Secondary  p ro to n  fluxes given by Papini et al. (1993a) a t  5 g / c m 2 
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F i g u r e  7.24: Secondary  d eu te ro n  fluxes given by Papini et al. (1993b) a t  5 g / c m 2 
an d  derived for </> =  0.9 GV using th e  m e th o d  described in the  tex t .
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F i g u r e  7.25: Secondary  p ro to n  fluxes given by W ebber et al. (1991) a t  5 g / c m 2 
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F i g u r e  7.26: Secondary deu teron  fluxes given by W ebber et al. (1991) a t  5 g / c m 2 
and  derived for (j? =  1.4 GV using th e  m eth o d  described in th e  tex t .
fac to r  which con tribu tes  to  th e  difference betw een the  two secondary  p ro to n  fluxes. 
A difference in the  shape of N(A • E) is not significant.
T h ere  is a significant difference between th e  fluxes of secondary  pro tons 
and  deu terons  given by Papin i et al. (1993a, 1993b) and the  sam e fluxes ca lculated  
using th e  m ethod  described above for the  same solar m odu la t ion  level. T h e re  are 
th ree  unknow n factors not p resen ted  by Papini et al. which could help to  resolve this 
p rob lem . O ne factor is th e  p r im ary  proton sp ec tru m  at T O A , since m ain ly  p ro tons 
induce in teractions producing secondary particles; an o th e r  is th e  m ean  in terac tion  
p a th len g th  for nucleons in air; and the  th ird  factor is th e  lowest k inetic energy of 
th e  inciden t partic le  de term in ing  th e  lower limit of th e  integrals used to  calculate  
th e  secondary  fluxes.
Papini et al. claim to have used proton sp ec tra  given by W ebber  (1973) 
which are scaled by a factor of 5 (W ebber and Lezniak 1974). O ne can check w he the r
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th e  correct p r im a ry  p ro tons  spec tra  for solar m odu la t ion  m in im um  and  m ax im u m  
levels were used by unfolding th e  p r im ary  p ro ton  sp ec tra  a t 5 g / c m 2 from  th e  given 
sp ec tra  of secondary  p ro tons and  the  given ra tio  of th e  fluxes of secondary  pro tons 
to  th e  fluxes of p r im ary  p ro tons  at th e  5 g / c m 2 and  com pare  w ith  th e  p r im ary  
p ro to n  spec tra  a t  T O A  or a t 0 g / c m 2. Assuming the  m ean  in te rac t io n  p a th len g th  
for p ro tons  in  air is equal 86 g / c m 2 (Sens 1974), then  th e  p r im ary  p ro to n  sp ec tra  are 
a t te n u a te d  only by 1 — exp( —5/86) =  0.06 in 5 g / c m 2 of air. T he  unfolded spec tra  
of p r im ary  p ro tons a t dep th  of 5 g / c m 2 are approx im ate ly  equal to  th e  spec tra  
of W ebber  (1973) scaled by a factor of 5. Assuming th a t  th e  m ean  in terac t ion  
p a th le n g th  for nucleons in air used by Papini et al. was app rox im a te ly  100 g / c m 2, 
one can infer th a t  th e  correct p ro ton  spec tra  were applied in their  work. T h e  large 
d iscrepancy betw een  calculations as p resen ted  in this work and  those  by P ap in i et al. 
(1993a, 1993b) can be a t t r ib u te d  to th e  unjustified lower limits of th e  in tegrals  over 
th e  fluxes of th e  incident partic les  in kinetic energy space. These limits are directly 
re la ted  to  th e  k inem atics of th e  considered nuclear in teractions which de term ine  the  
k inetic  energy of th e  p roduced  partic les. Fluxes of incident partic les w ith  kinetic 
energy higher th a n  th e  lower limit of th e  integral co n tr ib u te  to  th e  p ro duc tion  of 
secondary  partic les  within th e  kinetic energy of in terest .  In order for th e  results of 
Pap in i  et al. to  m a tch  th e  results of this work, these limits have to  be higher. This 
m eans th a t  the  p roduc tion  of secondary pro tons and deuterons w ith  th e  energy of 
in te res t  requires higher energies of th e  incident nucleons then  those  assum ed by 
P ap in i et al. If th e  results of the  calculations of the secondary  fluxes p resen ted  by 
P ap in i  et al. were applied to  th e  m easured  p ro ton  or deu teron  fluxes a t  th e  d ep th  of 
in te rest  to  o b ta in  fluxes of these  species a t T O A , this would result in th e  negative 
fluxes a t T O A , since these  calculations overestim ated  secondary  p roduc tion .
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7 .2 .2 .2  H e l iu m  I s o t o p e s  G a in s  and  L o sses
T h e  corrections to  th e  helium flux, as well as to  the  low energy 3He and 
a  partic les,  due to  f rag m en ta t io n  and p roduction  in the  8.77 g / c m 2 m a t te r  above 
th e  in s t ru m e n t  were calcu la ted  using the  t ran sp o r t  equa tion  described below (Clem  
and  Ficenec 1993). T h e  following no ta t ion  is used:
F;j - flux of 3He,
F.) - flux of a  partic les,
F h - flux of particles w ith  Z >  2,
F  - to ta l  helium  flux (F 3 +  F^),
R  - ra tio  of 3He to  4He,
Pa(X ) - Survival p robabili ty  of 3He after X g / c m 2 w ith an in te rac t ion  m ean  free 
p a th  of A3,
P 4(X) - Survival p robabili ty  of 4He after X g / c m 2 w ith an in terac t ion  m ean  free 
p a th  of A,],
P h (X)  - Survival p robability  of Z > 2 after X g / c m 2, with an in terac tion  m ean 
p a th  of Ah ,
P 3,.|(X) - P robab il i ty  th a t  4He in terac ts  and produces a 3He after X  g / c m 2 w ith  
an in te rac t io n  m ean  free p a th  of A3,.|,
P 3, h ( X )  - P robab il i ty  t h a t  a  Z >  2 in terac ts  and produces a 3He after X g / c m 2 
w ith  an in terac t ion  m ean  free pa th  of A3,h,
P-i,h(X) - P robab il i ty  th a t  a  Z >  2 in teracts  and produces a 4He after X g / c m 2 
w ith  an in terac t ion  m ean  free p a th  A.ij-j.
T h e  quan ti t ie s  w ith  a “ deno te  corresponding quan tit ie s  a t the  in s tru m en t.  T he 
survival p robabili ty  after X  g / c m 2 is defined as
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P(X) =  e ' =  e~ (7.21)
where A =  A / (N  <r) is th e  in te rac t io n  m ean  free p a th ,  A is th e  m ean  a tom ic  nu m b er  
of th e  m ed ium , N is A vogadro  n u m b er ,  cr is th e  corresponding  to ta l  reaction  cross 
section, and  k is th e  in te rac t io n  coefficient k =  1/A. T h e  p ro d u c tio n  p robab ili ty  is 
defined as
P i j ( X )  =  1 -  e - « i j X (7.22)
For an infinitesimal slab A X , th e  fluxes a t the in s t ru m en t  are re la ted  to  th e  fluxes 
a t th e  T O A  as follows
/ F 3 \
f 4
V F h /
/ l  — K3A X  K3,4A X  K3J 1A X  \ /  F;t \
= (A A )F (7.23)0 1 — s , |A X  k ,\ i4A X  F.|
V 0 0 1 -  Kn A X /  V F h /
If a slab of finite th ickness X is divided in N slabs of th ickness  A X  and  w ith  N 
approach ing  infinity, then
where
A = A A 1'
b \  
c
- K | l  X
(7.24)
0 0  Y  n  /  1 V 1 n
a -  . |X2 ^ , , 0 1
n  =  0  I "  k = 0
b =  x £
k = 0n = 0  ( n  +  X ) ! .
n - l  n - l - j
E i k  11- l - j - k« H  2 ^  k 3 k a 




o c  y n / _  i \ n  n
c =  K-M iX E  , , , , E 4 < f k (7-27)
n = 0  Vn  k = U
T h e  inverse of A required  to  ob ta in  th e  back correction m a tr ix  is equal to:
i r s >
II1< 0 e« i X t
I 0 0 eK" x /
where
(7.28)
r =  - a e (Ks+K<)N (7.29)
s =  a c e h + ^ i + ^ i O ^ b e k j + ^ P  (7.30)
t =  eK» x (7.31)
Finally, th e  fluxes a t  T O A  F 3, F.1; and  F h are re la ted  to  th e  fluxes a t  the
in s t ru m en t  F 3, F 3, and  F h according to
f 3 — eK,lXF 3 +  r F.| +  s F h (7.32)
F , =  eKi x F,| +  t F ,, (7.33)
F h =  eKHXF)| (7.34)
T h e  experim enta l  results  for th e  to ta l  reaction  cross section for a  partic les  
on a ca rbon  ta rg e t  were tak en  from M illburn  et al. (1954), Ja ro s  et al. (1978), 
A b d ra h m an o v  et al. (1980), and  Aksinenko et al. (1980) (Fig. 7.27). W eb b er  (1990) 
p resen ted  m easu rem en ts  of th e  to ta l  inelastic cross sections for a  par tic les  on a 
ca rbon  ta rg e t  a t the  k inetic energies betw een 200 - 520 M eV /n u c leo n .  T h e  results 
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F i g u r e  7.27: T h e  to ta l  reaction  cross sections for the  destruc tion  of the  a  par tic le  
on p ro ton  (solid line) and  carbon  (dashed line) ta rge ts  and  th e  'He partic le  on a 
ca rbon  ta rg e t  (d o t ted  line).
given ta rg e t  (G arcia -M unoz e t  al. 1987) agree well with high energy m easu rem en ts ,  
b u t  disagree by a  factor of 2 with the  results of W ebber (1990). However, th e  
results  of th e  sam e calculations of the total reaction cross sections for a  partic les 
on a p ro ton  ta rg e t  agree very well with the  m easurem ents  at low and high energies. 
T h e  to ta l  reaction  cross sections of 'H e  and a  partic les on a carbon ta rg e t ,  used 
to  d e te rm in e  th e  loss of b o th  species due to fragm enta tion  above th e  de tec to r ,  are 
shown in Fig. 7.27.
T h e  cross sections for 'He and a  partic le p roduc tion  from carbon  fragm en­
ta t io n  on a  ca rbon  ta rg e t  (134 m b and 404 mb, respectively) were taken  from 
Olson et al. (1983). T h e  cross section for the  additional p roduc tion  of 'H e from a  
partic les  on a carbon  ta rg e t  was assum ed to be 60 mb (Fig. 7.28).
W hile  investigating  th e  'H e / 'H e  ratio  a t  low energies, i t  becam e ev ident 
t h a t  th e  secondary  *He partic les produced  in nucleon induced reactions could m ake
1 0 0
♦ -  W ebber (1990)
□ -  B izard  (1977)
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F i g u r e  7.28: T h e  cross sections for the  p roduction  of 'H e in the  fragm enta tion  
of a  partic les  on p ro ton  and  ca rbon  ta rge ts .  Solid line - th e  a  to ta l  reaction  cross 
section on a  p ro ton  ta rge t  scaled by 0.25. Dashed line - the  a  to ta l  reaction  cross 
section on a  ca rbon  ta rg e t  scaled by 0.11.
a  significant con tr ibu tion  below 100 M eV /nucleon  to  the  to ta l  m easured  helium 
flux and  th e  ''He flux (H ofm ann and  W inckler 1967). T h e  secondary  3He flux 
a t  8.87 g / c m 2 (Fig. 7.31) was de term ined  the same way as the  fluxes of secondary  
pro tons and  deu te rons  (Section 7.2.2.1). We assum ed th a t  the  secondary p roduc tion  
sp ec tru m  of helium  in emulsion given by Powell et al. (1959) consisted only of 3He 
in th e  energy range  of in terest .
7.2.3 SMILI 2 Secondary Fluxes of Protons, Deuterons, and 'He
Figs. 7.29, 7.30, and 7.31 show respectively p ro ton ,  deu te ron ,  and  3He 
fluxes m easu red  by the  SMILI 2 in s tru m en t a t th e  dep th  of 8.77 g / c m 2 and  the  
corresponding  ca lculated  secondary  fluxes of these species at th e  sam e d ep th  derived 
using th e  conventional techn ique  (Section 7.2.2.1). T h e  integral p r im ary  fluxes of
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F i g u r e  7.29: T h e  SM ILI 2 p ro ton  flux at 8.77 g / c m 2 and th e  calculated  secondary 
p ro to n  p roduc tion .  T h e  error bars of the  calculated secondary  p roduc tion  are the  
size of th e  symbols.
p ro tons ,  a  partic les, and all heavier particles a t T O A  with k inetic energy above 
1000 M eV /nuc leon  corresponding to the  solar m odulation  level of 1.5 GV, were 
642.7, 65.38, 6.31 p a r t ic le s / ( m 2 s sr), respectively. This solar m odu la t ion  level was 
inferred from th e  in d ep en d en t  m easu rem en t of the  SMILI 2 helium sp ec tru m  and  
is p resen ted  in Section 7.3.
O ne can see very clearly, th a t  while a large fraction of p ro tons and  d eu te ­
rons w ith  energies below 200 M eV /nuc leon  de tec ted  by th e  SMILI in s t ru m en t  are 
of secondary  origin, in th e  case of 'H e  only th e  flux in th e  lowest energy bin is 
significantly (93%) co n tam in a ted  by the  secondaries, and  th e  con tribu tion  of the  
secondaries to  the  m easured  'H e  falls more rapidly with increasing energy th an  in 
th e  case of p ro tons and deu terons  as a result of the  differences in th e  p roduction  
sp ec tra  of p ro tons, deu terons, and helium given by Powell et al. (1959). K om arov 
(1974) p resen ted  th e  results from experim ents  in which fast ( ~  170 M eV /nuc leon)
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F i g u r e  7.30: T h e  SMILI 2 deu teron  flux a t 8.77 g / c m -’ and  th e  calcu la ted  sec­
o n d a ry  d eu te ro n  p roduc tion .  T h e  error bars of the  ca lculated  secondary  p roduc tion  
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F i g u r e  7.31: T h e  SM ILI 2 'H e flux a t  8.77 g / c m 2 and th e  ca lculated  secondary  
’He p roduc tion .  T h e  error bars  of the  calculated secondary  p roduc tion  are  th e  size 
of th e  symbols.
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3He partic les  were p roduced  in  p ro to n  induced  reactions on ta rg e ts  varying from 6Li 
to  1G0  a t  an angle of 5.4° to  th e  inciden t p ro ton  beam  of k inetic  energy 665 MeV. T he  
double  differential cross sections for these reactions are, by two orders of m ag n itu d e  
lower, th a n  th e  sam e cross sections for the  p roduc tion  of deu terons  in th e  reactions 
induced  by a  p ro to n  w ith  ap p ro x im a te ly  the  sam e kinetic energy on th e  sam e ta rge ts .  
Th is  would explain  th e  difference in th e  yields of th e  secondary  deu terons  and  3He 
partic les  as inferred from th e  em ulsion d a ta  and  p resen ted  in  Figs. 7.30 and  7.31. 
T h e  unce rta in t ie s  of th e  calcu la ted  secondary  fluxes were de te rm ined  using s tan d a rd  
e rro r p ro p ag a tio n  assum ing th a t  5% uncerta in ties  in cross sections co n tr ib u te  to  the  
u n ce r ta in ty  of th e  integral source sp ec tru m  (Eq. 7.19).
T h e  residual p r im ary  p ro to n ,  deu teron ,  and  3He fluxes a t  8.77 g / c m 2 were 
correc ted  backw ard  to  T O A  for th e  losses due to  nuclear in te rac tions .  T h e  fluxes of 
p ro to n s ,  deu terons ,  and  3He partic les a t  T O A  are re la ted  to  th e  same fluxes below 
th e  SI scin tilla tors  according to  th e  relation
F joa  =  (Fsi -  F sec) • b • c (7.35)
where
F toa - flux a t T O A ,
F si - flux below th e  SI scin tilla tor,
F set - secondary  p roduc tion  in 8.87 g / c m 2, 
b - correction  for energy bin expansion  in 8.87 g / c m 2,
c =  ex p (8 .8 7 /A )  - correction for losses due to  nuclear in te rac t ions  in 8.87 g / c m 2; 
A =  86, 60, 50 g / c m 2 for p ro tons ,  deu terons, and  3He partic les,  respectively.
Table 7.6. T he high energy helium flux at the  instrum en t and a t 1 A.U. T he  helium fluxes and the  ’He secondary 
production flux are given in particles / ( m 2 s sr M eV /nucleon) x 10- 3 .
B ottom  SI Energy 
M eV/nucleon






TO A  Energy 
MeV /  nucleon
T O A  Flux
83.9 - 190.4 25.65 ±  1.36 0.48 1.1678 1.2171 139.3 - 226.8 35.77 ±  1.93
190.4 - 292.5 33.98 ±  1.76 0.00 1.1520 1.0776 226.8 - 321.6 42.18 ±  2.21
292.5 - 393.6 37.45 ±  1.95 0.00 1.1546 1.0402 321.6 - 418.7 44.97 ±  2.38
393.6 - 494.3 38.23 ±  1.99 0.00 1.1615 1.0245 418.7 - 517.0 45.49 ±  2.40
494.3 - 594.7 35.40 ±  1.92 0.00 1.1767 1.0163 517.0 - 615.8 42.34 ±  2.33
594.7 - 695.0 35.54 ±  1.96 0.00 1.1960 1.0116 615.8 - 714.9 43.00 ±  2.42
695.0 - 795.2 32.18 ±  1.98 0.00 1.2119 1.0085 714.9 - 814.3 39.33 ±  2.46
795.2 - 895.4 31.78 ±  1.79 0.00 1.2185 1.0064 814.3 - 913.8 38.98 ±  2.23
895.4 - 995.5 27.99 ±  1.59 0.00 1.2196 1.0049 913.8 - 1013.5 34.30 ±  1.98
995.5 - 1095.6 26.52 ±  1.63 0.00 1.2205 1.0038 1013.5 - 1113.2 32.49 ±  2.03
1095.6 - 1295.7 24.43 ±  1.32 0.00 1.2216 1.0026 1113.2 - 1312.8 29.92 ±  1.65
1295.7 - 1595.9 19.86 ±  1.01 0.00 1.2233 1.0014 1312.8 - 1612.5 24.33 ±  1.27
1595.9 - 1995.9 16.42 ±  0.82 0.00 1.2216 1.0003 1612.5 - 2012.4 20.07 ±  1.03
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7.3 Helium Spectrum and Solar Modulation
T h e  helium  flux a t 1 A.U. detec ted  by th e  SMILI in s t ru m e n t  during  its 
flight in Ju ly  1991 is shown in Table 7.6 with  ap p ro p r ia te  corrections applied  to  
th e  in s t ru m en ta l  flux. T h e  helium  flux in the lowest energy bin was correc ted  for 
th e  add itional 3He produc tion  by nucleon induced  reactions on th e  air ta rg e t  nuclei. 
This  su b trac tiv e  correction is equal to  th e  ’He secondary  p ro d u c tio n  flux (Table  7.9) 
derived for the  bin  w ith  the  k inetic  energy range 140 - 160 M eV /n u c leo n  a t  top  of 
th e  SI scintilla tor.
T he  u n ce r ta in ty  of th e  helium flux a t T O A , besides th e  in s t ru m en ta l  uncer­
ta in ties  a lready discussed, includes errors which resulted  from vary ing  cross sections 
by 5% and  the  am oun t of m a t te r  above the in s t ru m en t  by 2%. B o th  uncerta in ties  
were less th a n  1% of th e  correction factors for f rag m en ta t io n  and  energy loss.
T h e  shape of th e  helium  spec trum  serves as an in d ica to r  of th e  level of 
solar activity. It  can be tes ted  aga inst  in fo rm ation  ab o u t  th e  solar ac tiv ity  derived 
independen tly  from o ther  experim ents .  T he  s tan d a rd  m easu re  of th e  solar ac tiv ity  
is th e  Zurich re lative sun-spot nu m b er  (Foukal 1990). A b o u t every 11 years, the  
solar m agnetic  field reverses its polarity  and  after 22 years re tu rn s  to  its previous 
polarity. T he  largest n u m b er  of sunspots  coincides with  th e  reversal of th e  po lar 
pho tospheric  m agnetic  field. T h e  increasing solar ac tiv ity  can be explained  to  some 
ex ten t  by th e  B abcock Solar D ynam o Model (Foukal 1990, Snodgrass 1992). In i­
tially, a t th e  m in im um  of solar activity, th e  solar m agnetic  field can be app ro x im a ted  
as an ax isym m etric  dipole. Due to the  higher angu lar  velocity a t  th e  equa to r ,  th e  
m agnetic  field a t ta c h ed  to  th e  solar p lasm a becomes toro idal at low la t i tudes .  This  
effect increases the  in tensity  of th e  m agnetic  field form ed in th e  b uoyan t  m agnetic
flux tu b es  which can e ru p t  to  th e  solar surface. Such erup tions  co n tr ib u te  to  an  in ­
creasing in tens ity  of th e  Solar W ind  - th e  hot p lasm a, m ostly  electrons and  p ro tons 
outflowing from th e  solar corona and  dragging the  frozen-in m agne tic  field th ro u g h  
in te rp lan e ta ry  space. T h e  increased in tensity  of the  solar w ind suppresses th e  in ­
tensity  of the  galactic cosmic rays flowing from outside the  heliosphere against the  
solar wind and being de tec ted  at the  E a r th .  T he  suppression is th e  result of the  
galac tic  cosmic rays sca tte r ing  on the  random ly  d is tr ibu ted  small-scale irregularities 
in  th e  in te rp lan e ta ry  m agne tic  field (Longair 1992) as well as th e  shocks produced  
by m ass ejections from the  solar corona (Clem et al. 1993b). Due to  changes in the  
solar wind intensity , the  flux of galactic cosmic rays at 1 A.U. is lowest during the 
m ax im u m  of solar activ ity  and  the  highest during solar m in im um . T he  im p ac t  of 
th e  solar ac tiv ity  on th e  cosmic ray flux is shown clearly in th e  varia tions of the 
C lim ax N eu tron  M onitor coun ting  ra te  (F ig .7.32). T h e  Clim ax N eu tro n  M onitor 
is one of m an y  neu tro n  m onito rs  d is tr ibu ted  worldwide which provide, con tinu­
ously, d a ta  ab o u t  th e  in tens i ty  of the galactic cosmic rays with  rigidity above 3 GV 
(B ea tty  1986).
T he  process of p ropaga tion  of cosmic rays th rough  the  solar w ind can 
be described by the  Fokker-P lanck  equa tion  in a spherically sym m etric  m odel of 
th e  in te rp lan e ta ry  m edium  which includes diffusion, convection, and  ad iaba tic  de­
celeration (Fisk 1971, B e a t ty  et al. 1993). T he  diffusion coefficient determ ines the  
m ag n i tu d e  of th e  a t ten u a tio n  of the  cosmic ray flux by th e  solar wind. T h e  generally 
accep ted  functional form for the  diffusion coefficient is k  =  Kueb'~'1)/r'J/0 P  =  /«i(r)/(3P 
where P is the  partic le  rigidity (G V ), rtj is the  diffusion leng th  scale equal to 
29 A.U., and  k 0 has un its  of c m ‘ (s G V )- 1 . T he  solar m o d u la t io n  p a ram e te r  <j) at 
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F i g u r e  7.32: T h e  Clim ax N eutron  M onitor daily average counting  ra te  expressed 
in term s of th e  fraction  of the  1954 solar m in im um  ra te  (courtesy  U niversity  of 
Chicago).
1 V
=  (7 ' 36)I ' '
where V is th e  speed of th e  solar wind, typically 400 k m /s  and  R 0 is a radius of the  
heliosphere. Solar m in im um  conditions typically have </> % 0.5 GV while a t  solar 
m ax im u m  4> >  1.0 GV.
Fig. 7.33 presents  th ree  helium spec tra  at 1 A.U. a t  th ree  different (high) 
solar m odu la t ion  levels w ith  th e  corresponding Clim ax N eutron  M onitor counting  
ra te  expressed in te rm s of th e  fraction of the 1954 solar m in im u m  given in th e  
figure caption . T h e  local in ters te llar  helium spec trum , which represents  th e  he­
lium spec trum  at the  b o u n d ary  of the heliosphere, was chosen to  have th e  form of 
d J / d E  =  A P -2 *’8, where P is th e  particle rigidity (Seo et al. 1991). This  spec trum  
was sub jec ted  to  different levels of m odulation  using one of th e  codes described by 
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F i g u r e  7.33: SM ILI Helium fluxes at 1 A.U. com pared  to  IM P -5  resu lts  w ith  m o d ­
ulated  Local In te rs te l la r  S p ec tru m  of the  form d J ( E ) / d E  =  A P -2 '88 corresponding  
to  th e  solar m odu la t ion  p a ra m e te r  <j> — 1 .1 ,1 .2 ,1 .5  G V. T h e  C lim ax N e u tro n  M on­
itor  ra tes  in te rm s of 1954 solar m in im um  ra te  were 0.865 for IM P -5 ,  0.813 for 
SM ILI 1, and  0.72 for SMILI 2.
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com pared  to  th e  m easu red  helium  flux to  de te rm ine  th e  a p p ro p r ia te  solar m o d u la ­
tion  p a ra m e te r  <j>. T h e  SMILI 2 helium  spec trum  is consistent w ith  a m odu la t ion  
level (f) — 1.5 ±  0.05 G V (Fig. 7.33) which corresponds to  Ku =  31.44 • 102°. T he  
com parison  of th e  C lim ax N eu tron  M onitor counting  ra tes  during  th e  t im e of th e  
ex perim en ts  w ith  th e  level of th e  solar m odu la t ion  described by a  p a ram e te r  (j) in ­
dicates t h a t  th e  in tens i ty  of the  galactic cosmic rays a t 1 A.U. was lower during  
th e  SM ILI 2 flight com pared  to th e  in tens i ty  during  the  SM ILI 1 flight, as well 
as lower th a n  th e  in tens i ty  w hen IM P-5 (M ason 1972) m easured  th e  helium  flux 
during  a 12 m o n th  exposure  in  1969-1970. T h e  C lim ax N eu tron  M onitor counting  
ra te  corresponding  to  th e  IM P-5  flight is th e  average ra te  during  solar quiet t im e 
periods ( Ju n e  - S ep tem b er 1969) to which th e  IM P-5 results were normalized.
7.4 Low Energy Proton, Deuteron, 3He, and 'He Fluxes
Tables 7.7 - 7.10 p resen t th e  th e  fluxes of p ro tons ,  deu terons, 3He, and  a  
partic les  a t  low energies at T O A  after correcting fluxes a t the  top  of S i  scintilla­
to r  down below it for the  energy loss and  correcting fluxes, as given below th e  SI 
sc in tilla tor ,  once again  for th e  energy loss and  secondary  p roduc tion  and  fragm en­
ta t io n  in 8.87 g / c m 2 of m a t t e r  above th e  detec tor.  T h e  u n ce r ta in ty  of th e  fluxes 
include th e  in s t ru m en ta l  errors, errors resulting from 5% u n ce r ta in ty  in th e  cross 
sections involved to  d e te rm in e  th e  secondary  p roduc tion  an d  th e  losses due to  th e  
f rag m en ta t io n  and  errors from th e  2% u n ce r ta in ty  on the  am o u n t  of m a t te r  above 
th e  de tec to r.  T h e  u n ce r ta in ty  of th e  secondary p roduc tion  was 3.8% while th e  u n ­
certa in ties  of th e  correction for th e  f ragm en ta t ion  losses and  ion ization  energy loss 
were a fraction  of 1%.
Fig. 7.34 shows low energy p ro ton ,  deu te ron ,  3He, and  a  par tic le  fluxes at 
th e  top  of th e  a tm osphere  m easured  by  th e  SMILI in s t ru m en t  during  its  flight in
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Ju ly  1991. T h e  curves show th e  local in te rs te lla r  spec tra  of pro tons ,  deu terons, 3He, 
and  a  partic les  m o d u la ted  using the  m odu la t ion  p a ram ete r  <f> =  1.5 G V deduced 
from  th e  shape  of the  high energy helium spec trum . T he  local in te rs te l la r  p ro ton  
sp ec tru m  was provided  courtesy  University  of Chicago, while th e  local in te rs te lla r  
d eu te ro n  sp ec tru m  was tak en  from B e a t ty  et al. (1985), and  th e  local in te rs te lla r  
sp ec tru m  for a  partic les is th e  same single power law spec trum  d J / d E  =  A P -2-68 
used to  o b ta in  th e  best  fit to  th e  high energy helium spec trum . T h e  3He spec trum  
was recovered using one of th e  3H e /  'H e ratios a t 1 A.U. given by B e a t ty  et al. (1993) 
and  which are th e  results of th e  p ropagation  calculations p resen ted  there in . This 
p a r t ic u la r  3H e / 4He ra tio  was ob ta ined  using the  rigidity d ep en d en t  m ean  escape 
p a th le n g th  of G u p ta  and  W ebber  (1989) and  was m o d u la ted  using th e  solar m o d u ­
la t ion  p a ra m e te r  </> =  1.2 G V. T h e  3He spec trum  shown in Fig. 7.34 was derived by 
scaling th e  a  par tic le  sp ec tru m  given in the  same figure by th e  discussed 3H e /4He 
ra tio .  This  was done assum ing  no significant difference in th e  3H e / 4He ra tio  in this 
k inetic  energy range for these tw o different solar m odu la t ion  levels described by the  
solar m o d u la t io n  p aram ete rs  <^>=1.2 GV and </> =  1.5 GV.
T a b l e  7.7: T h e  low energy p ro to n  fluxes a t the  in s t ru m en t  and  a t  1 A.U. Fluxes 
a re given in particles / ( m 2 s sr M eV /nuc leon )  x 10~3 including th e  correction for the  
secondary  p roduc tion .
B o t t o m  S i  
E n e r g y  
M e V /n u c l e o n
B o t t o m  S i  F lu x
S e c o n d a ry
P r o d u c t i o n
C o r r e c t io n
F r a g m e n t .
C o r r e c t io n
E n e r g y
L o ss
C o r r e c t io n
T O A  E n e r g y  
M e V /n u c le o n
T O A  F lu x
34.2- 6 1 .3 254 .61  ±  15 .54 2 5 6 .2 8 1 .1 0 7 1 .948 1 0 8 .3  - 1 2 2 .2 -3 .6 0  ±  3 9 .4 9
6 1 .3 -  8 4 .7 2 8 6 .1 5  ± 15 .4 6 2 5 4 .9 0 1 .107 1.521 1 2 2 .2  - 1 3 7 .6 5 2 .6 4  ± 3 0 .6 8
8 4 .7  - 1 0 6 .8 2 6 8 .6 8  ± 1 5 .4 9 2 1 9 .0 7 1.107 1.345 1 3 7 .6  - 154.1 7 3 .8 9  ± 2 6 .1 6
1 0 6 .8  - 1 2 8 .3 2 19 .81  ±  14 .35 1 8 7 .7 8 1 .1 0 7 1 .2 4 9 154.1 - 1 7 1 .3 4 4 .2 9  ± 2 2 .1 3
1 2 8 .3  - 149 .4 2 3 4 .4 7  ±  17 .2 6 1 6 3 .8 2 1 .1 0 7 1 .1 8 8 1 7 1 .3  - 1 8 9 .0 9 2 .9 8  ±  2 4 .1 3
1 4 9 .4  - 170 .2 2 0 4 .7 8  ± 19 .65 143 .08 1 .107 1 .149 1 8 9 .0  - 2 0 7 .2 7 8 .4 8  ± 2 5 .9 2
1 7 0 .2  - 1 9 0 .9 1 7 1 .8 7  ± 28 .61 1 2 4 .4 0 1 .107 1 .120 2 0 7 .2  - 2 2 5 .6 5 8 .9 0  ±  3 5 .9 7
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T a b l e  7.8: T h e  low energy deu teron  fluxes a t the  in s tru m en t and  a t  1 A.U. Fluxes 
are given in  partic les  / ( m 2 s sr M eV /n u c leo n )  X  10~3 including th e  correction  for the  
secondary  p roduc tion .
B o t t o m  S I  
E n e r g y  
M e V /n u c l e o n
B o t t o m  S i  F lu x
S e c o n d a ry
P r o d u c t i o n
C o r r e c t io n
F r a g m e n t .
C o r r e c t io n
E n e rg y
L o ss
C o r r e c t .
T O A  E n e r g y  
M e V /n u c le o n
T O A  F lu x
2 1 .9 -  4 8 .5 3 9 .0 3  ±  2 .9 7 3 9 .2 7 1 .1 5 7 1.901 7 2 .7 -  8 6 .7 -0 .5 3  ±  7 .3 0
4 8 .5 -  71 .1 2 6 .7 7  ±  2 .2 3 2 6 .0 8 1 .1 5 7 1 .4 1 6 8 6 .7  - 1 0 2 .7 1 .1 3  ±  4 .0 0
7 1 .1  - 9 2 .6 2 2 .9 4  ±  2 .1 9 2 1 .0 0 1 .1 5 7 1 .252 10 2 .7  - 1 1 9 .9 2 .8 2  ±  3 .3 7
9 2 .6  - 1 1 3 .6 2 3 .5 7  ±  2 .6 6 20 .0 4 1 .1 5 7 1.171 119 .9  - 1 3 7 .8 4 .7 8  ±  3 .7 5
1 1 3 .6 -  13 4 .2 2 0 .5 7  ±  2 .9 8 16 .78 1 .1 5 7 1.125 13 7 .8  - 156 .2 4 .9 4  ±  3 .9 7
1 3 4 .2  - 1 5 4 .8 1 6 .9 4  ±  3 .4 8 13 .3 9 1 .1 5 7 1 .095 156 .2  - 1 7 4 .9 4 .5 0  ±  4 .4 6
1 5 4 .8  - 1 7 5 .2 1 5 .0 6  ±  4 .1 3 1 0 .7 9 1 .1 5 7 1.075 17 4 .9  - 19 3 .9 5 .31  ±  5 .1 6
T a b l e  7.9: T h e  low energy 3He fluxes at th e  in s t ru m en t  and  a t  1 A.U. Fluxes are 
given in partic les  / ( m 2 s sr M eV /n u c leo n )  x 10~3 including the  correction for the  
secondary  p roduc tion .
B o t t o m  S I  
E n e r g y  
M e V /n u c l e o n
B o t t o m  S i  F lu x
S e c o n d a ry
P r o d u c t i o n
C o r r e c t io n
F r a g m e n t .
C o r r e c t io n
E n e rg y
L o ss
C o r r e c t .
T O A  E n e rg y  
M e V /n u c le o n
T O A  F lu x
2 0 .8  - 5 3 .9 2 .9 6  ±  0 .6 2 0 2 .74 0 .9 6 2 2 .5 5 2 12 1 .2  - 13 4 .2 0 .5 5  ±  1 .55
5 3 .9  - 79 .1 2 .5 2  ±  0 .4 9 0 1.52 0 .9 5 3 1 .7 3 3 13 4 .2  - 1 4 8 .7 1 .65  ±  0 .8 2
79 .1  - 102 .1 2 .5 8  ±  0 .5 1 8 0 .9 8 0 .9 4 5 1 .469 1 4 8 .7  - 164 .4 2 .2 2  ±  0 .7 2
102 .1  - 1 2 4 .2 3 .7 6  ±  0 .6 6 5 0 .6 7 0 .9 4 0 1.334 1 6 4 .4  - 18 0 .9 3 .8 7  ±  0 .8 4
1 2 4 .2  - 1 4 5 .7 6 .0 2  ±  0 .8 5 7 0 .4 8 0 .9 3 6 1 .2 5 2 1 8 0 .9  - 198 .1 6 .4 9  ±  1.01
1 4 5 .7  - 1 6 6 .9 4 .5 9  ±  0 .7 5 9 0 .3 6 0 .9 3 4 1 .1 9 8 198 .1  - 2 1 5 .8 4 .7 3  ±  0 .8 5
1 6 6 .9  - 1 8 7 .8 5 .1 7  ±  0 .8 3 8 0 .2 7 0 .9 3 1 1 .1 6 0 2 1 5 .8  - 2 3 3 .8 5 .2 9  ±  0.91
T a b l e  7.10: T h e  low energy a  fluxes a t the  in s t ru m en t  and  a t 1 A.U. Fluxes are 
given in  partic les / ( m 2 s sr M eV /n u c leo n )  x 10- 3 .
B o tto m  S i  E n e rg y  
M e V /n u c le o n
B o tto m  S i  Flux F ra g m e n t.
C o rre c tio n
E n e rg y  Loss 
C o rre c tio n
T O A  E n erg y  
M eV /n u c le o n
T O A  F lu x
3 4 . 0 -  61 .1 1 1 .0 0  ±  1.261 1 .2 2 3 1 .9 5 8 10 8 .6  - 12 2 .5 2 6 .3 3  ±  4 .2 7
61 .1  - 8 4 .6 1 0 .7 2  ±  1 .1 2 0 1.212 1 .5 2 5 1 2 2 .5  - 1 3 7 .9 1 9 .8 3  ±  2 .84
8 4 .6  - 1 0 6 .7 1 4 .6 9  ±  1 .391 1 .2 0 3 1 .3 4 7 1 3 7 .9  - 1 5 4 .3 23 .8 1  ±  3 .1 6
1 0 6 .7  - 128 .2 1 6 .3 7  ±  1 .5 3 2 1 .1 9 7 1 .2 5 0 1 5 4 .3  - 17 1 .5 24 .5 1  ±  3 .0 8
128 .2  - 1 4 9 .3 2 1 .1 3  ±  1 .784 1 .1 9 3 1 .1 9 0 17 1 .5  - 18 9 .2 2 9 .9 9  ±  3 .3 7
1 4 9 .3  - 17 0 .2 2 0 .9 5  ±  1.831 1.191 1 .1 5 0 189 .2  - 2 0 7 .3 2 8 .6 8  ± 3 .1 4
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F i g u r e  7.34: SM ILI 2 low energy p ro ton ,  deu teron ,  3He, and  a  par tic le  fluxes 
a t  1 A.U. D ashed  lines - m o d u la ted  p ro to n  and  d eu te ron  spec tra .  Solid lines - 
m o d u la ted  sp ec tra  of a  and  3He particles.
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T h e  difference in th e  slopes of th e  shown m o d u la ted  p ro to n  and  a  par tic le  
sp ec tra  is due to  different p ro to n  and  a  par tic le  response to  th e  rigidity dependen t  
solar m odu la t ion .  T h e  p ro to n  rigidity is half  of th a t  of a  par tic le  w ith  th e  sam e 
kinetic  energy, and  therefore  pro tons are m ore affected by th e  solar m odu la t ion .  
T h e  s teeply  increasing shape of the  m easured  sp ec tru m  of "'He partic les, which does 
no t  follow th e  expected  3He sp ec tru m  (lower solid curve) is due to  th e  shape of the  
secondary  p ro duc tion  sp ec tru m  for this species (Fig. 7.31) which depends on th e  
helium  p ro d u c tio n  d is tr ibu tion  p resen ted  by Powell et al. (1959) (Fig. 7.17). T he  
large corrections for th e  secondary  p roduc tion ,  correlated w ith  th e  small deu teron  
fluxes a t  T O A , d ic ta te  th a t  we present u p p e r  limits for deu teron  fluxes.
7 .5  2H / 'H e  a n d  :,H e / 'H e  R a t i o s
T h e  m easured  fluxes of cosmic rays and  th e  elem enta l and  isotopic ratios 
a t 1 A .U . can provide in fo rm ation  ab o u t  th e  composition of G alactic  Cosmic Ray 
(G C R ) sources as well as ab o u t  the  confinem ent and p ropaga tion  of cosmic rays 
in  th e  Galaxy. This  in fo rm ation  can be recovered by modelling the  G C R  source 
com posit ion  and  th e  cosmic ray  p ropaga tion  from their  sources to  th e  E a r th  and  
com paring  th e  p ro p ag a tio n  results w ith  th e  m easurem ents .
Usually, th e  cosmic ray  source spec trum  is m odelled by a  single power law 
e i th e r  in par tic le  m o m en tu m  or energy (B ea tty  et al. 1993). T h is  app rox im ation  
is based  on th e  m easured  differential sp ec tra  of cosmic rays at the  E a r th ,  which 
a t  high k inetic  energies follow a single power law, and  also on th e  Fermi cosmic 
ray  acceleration m echan ism  by  shock waves producing  spec tra  which follow a  single 
pow er law (Gaisser 1990). T h e  cosmic ray  p ropaga tion  th ro u g h  th e  galactic  env iron­
m e n t  can be modelled , in general, by a set of coupled transfer  ( t ra n sp o r t )  equations
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(G inzburg  and  Syrovatskii 1964) which include spatia l  diffusion, energy loss, acceler­
a tion , and  th e  t ran sfo rm a tio n  due to  f r a g m en ta t io n /p ro d u c t io n /rad io ac t iv e  decay. 
T h e  unknow ns are th e  n u m b e r  densities of cosmic ray  partic les as functions of time, 
position , and  kinetic  energy.
T h e  w eighted  slab technique , which is a descendan t of th e  general t ran sp o r t  
equa tions, represents  th e  cosmic ray  p ropagation  in one dimension in term s of the  
am o u n t  of m a t t e r  ( g / c m 2) traversed  by the  partic les (S im pson 1983, G arcia-M unoz 
et al. 1987). In this case, th e  cosmic ray n u m b er  densities or fluxes are functions 
of k inetic  energy and  th e  traversed  p a th  in g / c m 2. This  approach  allows one to 
sep a ra te  nuclear effects (ionization energy loss, spallation  gains an d  losses) from 
th e  astrophysica l  effects (partic le  confinement t im e by th e  in ters te lla r  m agnetic  
fields, sources and  sinks, am o u n t  of m a t te r  traversed  by cosmic ray partic les) in  the  
cosmic ray  p ro p ag a tio n  model. In this techn ique  th e  partic le  flux at th e  heliosphere 
b o u n d ary  (local in te rs te l la r  flux) is given by
roc
F;(E ) =  /  d x J i ( x , E ) P ( x , E )  (7.37)
Jo
where
F; - flux of species i,
J; - flux of species i arriv ing th rough  different m a t te r  thickness x,
P ( x ,E )  - p a th len g th  w eighting function which represents  th e  astrophysica l effects.
O ne of th e  cosmic ray  confinement models is the  leaky box m odel which 
assumes th a t  cosmic rays are t rap p ed  within reflecting boundaries  su rround ing  the  
G alaxy  and  a t each encoun te r ,  they  have a finite probability  of escaping in to  ex- 
t raga lac t ic  space (Cesarsky 1980). This model also assumes uniform d is tr ibu tion  of 
th e  cosmic ray  density  w ith in  the  confinement volum e and  no acceleration centers,
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except a t th e  sources where partic les  gain their  in itia l energy. In th e  leaky box 
m odel P (x ,E )  is exponen tia l  of form
P ( x j E )  =  (1 /A )  e x p (—x /A )  (7.38)
w here  A is called th e  m ean  escape pa th len g th .
T h e  p r im ary  pu rpose  of p ro p ag a tio n  calculations using th e  w eighted slab 
tech n iq u e  is to  derive a general shape of P (x ,  E) which would explain  re la tive a b u n ­
dances of cosmic rays ranging  from isotopes of hydrogen and  helium  up to iron and  
nickel m easured  a t 1 A.U. in term s of secondary  to  p r im ary  cosmic ray  ratios. T he  
re la tive  abu n d an ces  of cosmic ray  positrons and  an tip ro to n s  are also included as 
th e  e+ /e~  and  p / p  ra tios .  T h e  m easured  ra tios of th e  secondary  to  th e  p r im ary  
cosmic rays are com pared  w ith  the  sam e ra tios derived by p ro p ag a tin g  th e  sam e 
species th ro u g h  th e  slabs of in te rs te lla r  m a t te r  of different thicknesses, in teg ra ting  
over P (x ,E )  to  o b ta in  th e  Local In ters te l la r  S pec tra  (LIS), and  m o d u la t in g  local 
in te rs te l la r  spec tra  th ro u g h  th e  heliosphere using a m odel of th e  solar m odula tion .  
T h e  secondary  cosmic rays d e tec ted  a t  th e  E a r th  are exclusively p roduced  in the  
nuclear spalla tion  of heavier projectiles  since they  are e ither no t p roduced  by nucle­
osynthesis  inside th e  s ta rs  or they  are easily destroyed  by th e  high tem p era tu re s  of 
th e  stellar in teriors. Good exam ples of secondary cosmic rays are l i th ium , beryllium , 
and  boron ,  which have  a high probabili ty  to  reac t  w ith  a p ro ton  and  form m ultip le  
a  partic les  during  nucleosynthesis  (Foukal 1990). Due to  th e  a b u n d a n t  m easu re ­
m en ts  during  low solar ac tiv ity ,  th e  B /C  ra tio  has been intensively  used in  studies 
of cosmic ray  p ro p ag a t io n  (G arc ia -M unoz et al. 1987, G u p ta  an d  W ebber  1989, En- 
ge lm ann  et al. 1990) in th e  fram ew ork  of th e  leaky box model. T h e  d a ta  shows th a t  
th e  m ean  escape p a th le n g th  m u s t  be a function  of energy. Tw o forms of th e  m ean
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escape p a th le n g th  resu lted  from  these studies, one which is rigidity  (R ) dependen t  
(Eq . 7.39) and  an o th e r  which is energy (E) dep en d en t  (Eq. 7.40).
A (R ) oc /3 [m ax (l , -^ - ) ]  g / c m 2 (7.39)
rio
< « • >
where
/3 - par tic le  velocity in un its  of speed of light,
T  - k inetic  energy in M eV /nuc leon ,
To =  931 M eV - nucleon res t  energy,
E  - to ta l  energy in  M eV /n u c leo n ,
7  - pow er law index; 7  =  2.0 for T  <  850 M eV /nuc leon  and  7  =  —0.6 for T  > 
850 M eV /nuc leon .
T h e  exponen tia l  form  of P (x ,E )  and  bo th  energy dependence  forms of 
th e  m ean  escape p a th len g th  rep roduce  very well B /C  and  JH e / 4He ra tios (Garcia- 
M unoz et al. 1987, G u p ta  an d  W ebber  1989, E ngelm ann  et al. 1990, B e a t ty  et al. 
1993), b u t  th ey  do no t expla in  th e  large su b -F e /F e  ra tio  a t  low energies, which 
is re la ted  to  a deple tion  of short  p a th len g th s  (G arc ia -M unoz et al. 1987). T h e  
h igher th a n  expected  su b -F e /F e  ra tio  requires more iron f ragm en ta t ion  in to  sub­
iron e lem ents in th e  leaky box m odel and this requires larger p a th len g th s .  This  is 
achieved by m odifying th e  exponen tia l  P (x ,E )  th ro u g h  t ru n ca t io n  (G arcia -M unoz 
et al. 1987) which can be explained  as the  partic les w ith  low kinetic  energy are 
m ore effectively t ra p p e d  by  th e  irregu lar  m agnetic  fields of large in ters te l la r  clouds 
th a n  high energy partic les  or th a t  high energy partic les  leak o u t  m ore  effectively 
th ro u g h  th e  shell of in te rs te l la r  m a t te r  su rround ing  cosmic ray  sources th a n  low
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energy partic les and ,  in this way, low energy particles traverse  m ore in ters te llar  
m a t te r  before being de tec ted  a t th e  E a r th .
A n o th er  problem  which a leaky box m odel encoun te rs  is to  explain  th e  
high ab u n d a n ce  of a n t im a t te r  in cosmic rays given in te rm s of p / p  ra tio  which is 
h igher th a n  expected  from th e  propagation  calculations (Simon and  H einbach 1991). 
T h e  in te rp re ta t io n  of th e  2H / 'H e  ra tio  m easured  a t 1 A.U. is im p o r tan t  since b o th  
species have th e  sam e charge to mass ra tio  and  their  local in te rs te lla r  ra tio  should 
no t be affected by th e  rigidity dependen t solar m odula tion .  T h e  3H e / 4He represents  
th e  cosmic ray  com ponen t which is sensitive to  larger m ean  escape pa th len g th s  
com pared  to  those  of boron and  carbon due to  the  larger m ean  nuclear in te rac t ion  
free p a th .
T h e  low energy “H /  'H e  and 3H e / 'H e  ratios a t T O A  were ob ta ined  as th e  
q u o tien t  of the  2H, 3He, and a  partic le  fluxes a t the  top  of the  a tm osphere  a t  th e  
overlapping  energy bins (Tables 7.11 and 7.12). T h e  uncerta in ties  include already  
addressed  uncerta in ties  of fluxes. Figs. 7.35 and  7.36 show low energy 2H / 4He 
and  3H e / 4He ra tios m easu red  during the  SMILI 2 flight w ith  o ther  m easu rem en ts  
m ad e  during  periods w ith  similar levels of solar m odu la t ion  (W ebber et al. 1991, 
K roeger 1986).
T h e  large corrections to  the  deu teron  flux for secondary  p roduc tion ,  im ­
ply large uncerta in t ies  in the  small deuteron  flux at T O A , and  these uncerta in ties  
p ro p a g a te  to  th e  2H / !He ra tio  (Table 7.11). T he  energy dependence of th is  ra tio  
is ind irec tly  a function  of th e  energy dependen t  deuteron  p roduc tion  d is tr ibu tion  
discussed in Section 7.2.2.1. This  effect is even m ore p ronounced  in th e  case of 
the  low energy 3H e/*H e ra tio  (Fig. 7.36) which is a function of th e  secondary  3He
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T able 7.11: The low energy -H /'H e ratio at 1 A.U.
T O A  energy 
M eV /nuc leon
R atio
108.6 - 119.9 0.1070 ±  0.1291
122.5 - 137.8 0.2412 ±  0.1923
137.9 - 154.3 0.2073 ±  0.1689
156.2 - 171.5 0.1837 ±  0.1833
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Kinet ic  E n e rg y  (M eV /nuc leon)
F i g u r e  7.35: T h e  low energy 2H / 'H e  ra tio  at 1 A.U. as m easured  by th e  SM ILI 2 
de tec to r,  MASS in s tru m en t ,  and the  ISEE-3 satellite  a t  s imilar solar m o d u la t io n  
levels, (j) =  1.2 GV  corresponds to the  ISE E  experim en t (K roeger 1986), <j) — 
1.4 G V corresponds to  the  MASS experim ent (W ebber et al. 1991), an d  <j) =  1.5 GV  
corresponds to  th e  SMILI 2 experim ent.
I I I l j I I I I I I II 1 1 II1 111(111 I I I I------ 1------ 1----- 1-----1----- 1— 1— I— I— I—I | I | |  'I
■ -  Kroeger (1986) 
□ — Webber (199r)r 
•  -  SMILI 2
[]
i i i i I i il l 1 i 11 1111 n I m 11____ i t i i I i i i i 1 i i i i 1 t i i i
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T able 7.12: The low energy ,,He/'1He ratio at 1 A.U.
T O A  energy 
M eV /nuc leon
R atio
122.5 - 134.2 0.0277 ±  0.0784
137.9 - 148.7 0.0694 ±  0.0356
154.3 - 164.4 0.0906 ±  0.0316
171.5 - 180.9 0.1290 ±  0.0314
189.2 - 198.1 0.2264 ±  0.0431
207.3 - 215.8 0.1732 ±  0.0364
0.3
-  Kroeger (1986)
-  SMILI 2
0.2
0.0
50 70 500100 200 300
Kinet ic  E n e rg y  (M eV /nuc leon )
F i g u r e  7.36: T he  low energy ^H e/ ’He ra tio  a t 1 A.U. as m easured  by th e  ISEE-3 
satellite  and  th e  SMILI 2 de tec to r  a t similar solar m o d u la t io n  levels, (j) =  1.2 GV 
corresponds to  th e  IS E E  expe rim en t (Kroeger 1986) and  </> =  1.5 GV  corresponds 
to  th e  SM ILI 2 experim ent.
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pro d u c tio n  d is tr ibu tion  given by Powell et al. (1959). T h e  2I I /  'H e ratios derived 
in th is  work, p resen ted  as u p p e r  limits agree with o ther  m easurem ents .
In th e  previous ch a p te r  (Section 6.4), we p resen ted  the  results  of th e  four­
fold G aussian  fits to  th e  m ass d is tr ibu tions  of charge 2 events  for th e  full T O F  
energy range  up to  500 M eV /n u c leo n  above the SI scintilla tor . T h e  3H e / ‘1He ra tios 
derived app ly ing  these  fits were fu r th e r  used to  de term ine  corresponding ra tios 
a t T O A  and  th e  results are p resented  in Table 7.13 and in Fig. 7.37 with  o ther 
m easu rem en ts  m ade  during  similar periods of high solar m odu la t ion  and  the  curves 
described below.
As in  th e  case of th e  helium flux, the !H e / 'H e  ra tios ob ta ined  for th e  
k inetic energy bins above the  SI scin tilla tor (Figs 6.15 - 6.18), were corrected  down 
below th e  S i  scintilla tors for the  difference in the energy loss these two species suffer 
in th e  scin tilla tors . These ra tios below the  Si scintilla tor represent th e  m easured , 
in s t ru m en ta l  ratios. We assum ed , th a t  on an average, a helium flux consists of 0.13 
of 3hie and  0.87 of ’He. N ext,  the  ratios below the S i scin tilla tor , were corrected to 
the  top  of th e  a tm osphere  for the  differences in the  energy loss and  th e  produc tion  
and  frag m en ta t io n  using th e  results of the  tran sp o r t  equa tion  (Section 7.2 .2 .2 ).
T h e  3H e / 'H e  ra tio  in the  lowest energy bin was corrected for th e  add i­
tional secondary  p roduc tion  of ’He in th e  pro ton  induced reactions in 8.87 g / c m 2 
of m a t t e r  above th e  detec tor.  This was done by deriving th e  ’He flux below the  
SI sc in ti lla tor  for this energy range using the  known 3H e /  'He ra tio  and  th e  cor­
responding  helium  flux. T h e  new 'H e flux below S i sc in tilla tor was ob ta ined  by 
su b trac t in g  3He secondary  p roduc tion  determ ined  in Section 7.2.2.2. This new flux 
was used to  ob ta in  th e  3H e / ’He ra tio  below Si scin tilla tor corrected  for th e  sec­
o ndary  p ro d u c tio n  and this corrected ra tio  was fu r ther  modified for th e  difference
T a b l e  7.13. T he  high energy ’H e / ’He ratio  a t  the  instrum en t at 1 A.U. T he  *He secondary production  correction 
given in particles / ( m 2 s sr M eV /nucleon) x lCV'*.
B ottom  Si 
Energy 
M eV/nucleon







M eV / nucleon
T O A  Ratio
83.9 - 190.4 0.1755 ±  0.01911 0.48 0.7526 1.0570 139.3 - 226.8 0.1220 ±  0.0154
190.4 - 292.5 0.1451 ±  0.01520 0.00 0.7382 1.0222 226.8 - 321.6 0.1095 ±  0.0117
292.5 - 393.6 0.1218 ±  0.01424 0.00 0.6912 1.0119 321.6 - 418.7 0.0852 ±  0.0102
393.6 - 494.3 0.1331 ±  0.01711 0.00 0.7160 1.0074 418.7 - 517.0 0.0960 ±  0.0125
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■ — Webber (1991) 
o — B eatty  (1993) 
•  -  SMILI 20.2
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K i n e t i c  E n e r g y  ( M e V / n u c l e o n )
F i g u r e  7.37: T h e  high energy 3H e / ‘‘He ra tio  a t 1 A.U. m easured  a t  th ree  different 
solar m o d u la t io n  levels. <f> — 1.2 GV corresponds to  th e  SMILI 1 expe rim en t (B ea tty  
et al. 1993), (j> =  1.4 G V  corresponds to  th e  MASS experim en t (W ebber  et al. 1991), 
and  cj) =  1.5 G V  corresponds to  the SMILI 2 experim ent.  T h e  curves represen t th e  
resu lt  of th e  p ropaga tion  calculations and  are described in the  tex t.
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in  th e  energy and  frag m en ta t io n  losses between 'H e and  'He in th e  m ed iu m  above 
th e  in s t ru m en t .
Fig. 7.37 also shows the  results of th e  p ropagation  calculations m ad e  by 
B e a t ty  et al. (1993). T he  solid curve in Fig. 7.37 represents  th e  m o d u la ted  <p — 
1.2 GV  local in te rs te l la r  ra tio  derived using the  energy dep en d en t  m ean  escape 
p a th le n g th  (Eq. 7.40). T he  dashed curve represents  th e  m o d u la ted  </> =  1.2 GV 
local in te rs te lla r  ra tio  derived using the  rigidity d ep en d en t  m ean escape p a th len g th  
(Eq. 7.39) and  the  d o t ted  curve represents  the sam e ra tio  b u t  m o d u la ted  using the  
solar m o d u la t io n  p a ram e te r  (f> ~  0.5 GV.
T h e  high energy ' I l e /  'He ratios derived in this work (Fig. 7.37) agree well 
w ith  th e  results of B e a t ty  et al. (1993) and W ebber et al. (1991) as well as w ith  
th e  results of th e  p ropaga tion  calculations p resented  by B ea t ty  et al. which show 
th a t  th e  p ropaga tion  of helium is consistent with the  p ropagation  of carbon , n i t ro ­
gen, and  oxygen in th e  stud ied  k inetic energy range, which m eans th a t  th e  cosmic 
ray  helium , carbon , n itrogen , and oxygen with kinetic energy of 1 G eV /nuc leon  
m u s t  traverse  on an average betw een 9 - 12 g / c m 2 to  produce the  observed flux of 
secondaries. T hese  results show th a t  this ra tio  is not sensitive to th e  solar m o d ­
u la tion  level in th e  energy range of in terest.  T h e  rigidity dep en d en t  m ean  escape 
p a th len g th  (Eq. 7.39) and  th e  kinetic energy dep en d en t  m ean  escape p a th len g th  
(Eq. 7.40) p roduce  the  same J H e/ 'He ratios a t energies below 2 G eV /nuc leon , b u t  
a t  higher energies, these  two m ean escape pa th len g th s  give significantly different 
results (B e a t ty  et al. 1993). M easu rem en ts  of th e  :,H e /  'H e ra tio  at kinetic energies 
h igher th a n  2 G eV /nuc leon  would resolve which of the  two forms of th e  escape 
p a th len g th  is correct.
C H A P T E R  8
SUM M ARY A N D  CONCLUSIONS
T h e  SMILI in s t ru m en t  flew twice in n o r th ern  C a n a d a  to  de tec t  isotopes of 
cosmic ray  partic les ranging from low energy hydrogen up  to  rela tiv istic  neon. B o th  
flights occurred during ex trem es of solar activity. T h e  shape of th e  helium  sp ec tru m  
in th e  k inetic  energy range 100 - 2000 M eV /nuc leon  derived in this work indicates 
th a t  th e  solar ac tiv ity  during the  second flight corresponds to  th e  solar m odu la t ion  
p a ra m e te r  <f> =  1.5 GV. This agrees with  the  in d ep en d en t  m easu rem en ts  of th e  solar 
ac tiv ity  a t  th e  same tim e by th e  Climax N eutron  M onitor.  T h e  coun ting  ra te  of th is  
m o n ito r  expressed in term s of the  fraction of the  counting  ra te  during  1954 solar 
m in im u m  was 0.813 during th e  first SMILI flight in la te  August 1989 and  decreased 
to  0.72 during  th e  second SMILI flight in Ju ly  1991.
T h e  fluxes of low energy (70 - 200 M eV /nuc leon )  p ro tons, deu terons ,  3He, 
and  a  partic les  a t th e  top  of th e  a tm osphere  were ob ta ined  in th is  s tudy. A sig­
nificant con tr ibu tion  to  th e  fluxes of p ro tons, deuterons and  3He a t  these  energies, 
as m easu red  by the SMILI in s t ru m en t  at a  d ep th  of 8.87 g / c m 2, comes from sec­
o n dary  p roduc tion  of these partic les m ainly  in the  in teractions induced  by cosmic 
ray  p ro tons  w ith  nuclei of the  residual m a t te r  above and  inside th e  detec tor.  In th e  
case of th e  deu teron  fluxes, th e  large correction for the  secondary  p ro d u c tio n ,  com ­
bined w ith  th e  small fluxes a t th e  top of the  a tm osphere  gave large uncerta in t ies  in 




T h e  recent results  of Papini et al. (1993a, 1993b) p resen ting  fluxes of 
secondary  p ro tons  and  deu terons  are significantly larger th an  th e  results ob ta ined  
here using th e  conventional technique , discussed in th is  s tudy, for the  sam e level 
of solar m odu la t ion .  This  difference is a t t r ib u te d  to an incorrect assum ption  m ade  
by P ap in i  et al. regard ing  th e  k inem atics of th e  considered nuclear reactions in 
which secondary  partic les are produced . Applying th e  results of P ap in i et al. to  
d e te rm in e  fluxes of p r im a ry  p ro tons  and deu terons a t 1 A.U. results in th e  negative 
fluxes since these  calculations overestim ate  the  secondary  produc tion .
In order to  de te rm ine  the  secondary p roduc tion  of p ro tons, deu terons, and 
3He, we used th e  available p roduc tion  spec tra  in emulsion. T h e  shape  of th e  low 
energy p ro to n ,  deu te ro n ,  and  3He spec tra  at T O A  depend  on these  p roduc tion  
sp ec tra  which rep roduce  very  approx im ate ly  th e  kinem atics and energy dependen t 
cross sections of th e  nuclear in teractions. F u r th e r  modifications of th e  p ropagation  
code including  im proved  k inem atics which describe the  angu lar  d is tr ibu tions  of the  
p ro d u c t  par tic les ,  could provide m ore accu ra te  secondary  p roduc tion  spec tra ,  b u t  
w ould n o t  im prove th e  uncerta in ties  in the  fluxes a t T O A , since th e  corrections for 
th e  secondary  p ro d u c tio n  a t  low energies are so large.
T h e  3H e / ‘1He ra tio  m easured  a t kinetic energies 100 - 500 M eV /nuc leon  
at 1 A .U. supports  th e  conclusion (B ea tty  et al. 1993) th a t  in this energy range 
th e  ra tio  does no t depend  on the  solar m odu la t ion  level. T he  im p o r ta n t  factor 
in th e  accu ra te  d e te rm in a tio n  of the  3H e / 'H e  ra tio  a t T O A  is a correction for the  
difference in th e  p ro d u c tio n  and  fragm en ta t ion  of bo th  species in  th e  m ed ium  above 
th e  de tec to r.  This  correction  is directly re la ted  to  the  to ta l  reaction cross sections 
which rep resen t  the  losses due to  the  to ta l  d is in tegration  of bo th  species. For th e  3He 
b eam  on a carbon  ta rg e t ,  which represents  th e  m edium  above th e  in s t ru m en t ,  there
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is no pub lished  d a ta ,  while th e  different available m easu rem en ts  of th e  to ta l  reaction 
cross section for a 4He beam  on a carbon ta rg e t  a t different k inetic  energies are  not 
consis ten t.  F u r th e r  s tudies using !He and  4He beam s on a  carbon  ta rg e t  would be 
requ ired  in  o rder  to  de te rm ine  th e  p ro d u c tio n  and  frag m en ta t io n  correction  more 
accurate ly .
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A P P E N D IX  A
ADC A N D  TDC CALIBRATION RESULTS
T h e  m ethods  to  calibra te  all available channels of two LeCroy 2285 A DC 
m odules  and  five LeCroy 2228A T D C  modules are described in C h ap te r  3. This 
append ix  contains th e  plots showing the  results of these  ca libration for A D C  and 
T D C  channels used by the  Tim e-of-Flight system.
A .l  ADC Calibrations
S lope:
I n te r c e p t :  1315.11 ± 1 .4 1 7 E -0 2
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F i g u r e  A .2: T h e  result of ca librating 2285 AD C channel 36 with the  Phillips 7120 
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F i g u r e  A .4: T h e  result  of ca librating  2285 ADC channel 38 with the  Phillips 7120 
C harge  S o u rce /T im e  G enera to r .
Slope:
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F ig u re  A.5: The result of calibrating 2285 ADC channel 39 with the Phillips 7120
Charge Source/Time Generator.
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F i g u r e  A .6: T h e  result of ca librating 2285 A DC channel 40 with th e  Phillips 7120 
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F i g u r e  A .8: T h e  result of calibrating  2285 ADC channel 42 with the  Phillips 7120 
C harge  S o u rce /T im e  G enera to r .
Slope:










0 200 400 600
P h i l l ip s  C h a rg e  (pC)




In te rc e p t: 1457.60 ± 2 .3 1 5 E -0 2
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F i g u r e  A .10: T h e  result of ca librating 2285 AD C channel 44 with the  Phillips 
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F igure  A .11: The result of calibrating 2285 ADC channel 45 with the Phillips
7120 Charge Source/Time Generator.
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F i g u r e  A .12: T h e  result of calibrating  2285 ADC channel 46 with the  Phillips 
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F igure  A .13: The result of calibrating 2285 ADC channel 47 with the Phillips
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F i g u r e  A .14: T h e  result  of ca libra ting  2285 ADC channel 48 with the  Phillips 
7120 C harge  S o u rce /T im e  G enera to r .
A . 2 T D C  C a l ib r a t io n s
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In te rc e p t:
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F i g u r e  A .15: T h e  result of ca librating channel 0 of the  2228A T D C  module, 
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Figure A .16: T h e  result of calibrating  channel 1 of th e  2228A T D C  m odule, 
located  in slot 7, using ca libra ted  cable delays.
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F igu re  A .17: The result of calibrating channel 2 of the 2228A TDC module,
located in slot 7, using calibrated cable delays.
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Figure A .18: T h e  result  of ca libra ting  channel 3 of th e  2228A T D C  m odule, 
loca ted  in slot 7, using ca librated  cable delays.
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F ig u re  A .19: The result of calibrating channel 4 of the 2228A TDC module,
located in slot 7, using calibrated cable delays.
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F i g u r e  A .20: T h e  result of ca librating channel 5 of th e  2228A T D C  module, 
located  in slot 7, using ca libra ted  cable delays.
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F igure  A.21: The result of calibrating channel 6 of the 2228A TDC module,




In te rc e p t:
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F i g u r e  A .22: T h e  result of ca librating  channel 7 of th e  2228A T D C  m odule, 
loca ted  in slot 7, using ca librated  cable delays.
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F igure  A.23: The result of calibrating channel 0 of the 2228A TDC module,
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F i g u r e  A .24: T h e  result of ca librating  channel 1 of th e  2228A T D C  m odule ,  
loca ted  in slot 8, using calibrated  cable delays.
2 5 0 0
Slope:
- I n te r c e p t :
20.441 ± 3 .1 13E—02 
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F igu re  A .25: The result of calibrating channel 2 of the 2228A TDC module,
located in slot 8 , using calibrated cable delays.
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F i g u r e  A .26: T h e  result of ca libra ting  channel 3 of the  2228A T D C  m odule, 
loca ted  in slot 8, using ca lib ra ted  cable delays.
2 5 0 0
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In te rc e p t:
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F igu re  A.27: The result of calibrating channel 4 of the 2228A TDC module,
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F i g u r e  A .28: T h e  result  of ca librating channel 5 of th e  2228A T D C  m odule, 
loca ted  in slot 8, using ca lib ra ted  cable delays.
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Slope:
In te rc e p t:
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F igu re  A.29: The result of calibrating channel 6 of the 2228A TDC module,




In te rc e p t:
20.551 ± 3 .0 9 5 E -0 2  
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T im e  Delay (ns)
F i g u r e  A .30: T h e  result of calibrating  channel 7 of the  2228A T D C  m odule, 
loca ted  in slot 8, using ca libra ted  cable delays.
2 5 0 0
Slope:
In te rc e p t:
21.476 ± 4 .2 9 8 E -0 2  
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F igure  A.31: The result of calibrating channel 0 of the 2228A TDC module,




In te rc e p t:
21.356 ± 4 .2 2 0 E -0 2  
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T im e  Delay (ns)
F i g u r e  A .32: T h e  result of ca librating  channel 1 of the  2228A T D C  m odule, 
located  in slot 9, using ca librated  cable delays.
2 5 0 0
Slope:
In te rc e p t:
21.405 ± 5 .771E -02  
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F igure  A.33: The result of calibrating channel 2 of the 2228A TDC module,




In te rc e p t:
21.174 ± 5.805E—02 
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T im e  Delay (ns)
F i g u r e  A .34: T h e  result of ca librating  channel 3 of th e  2228A T D C  m odule, 
loca ted  in slot 9, using ca lib ra ted  cable delays.
2 5 0 0
Slope:
In te rc e p t:
21.237 ± 4.245E —02 
876.48 ± 8.783E—01
2.3875
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T im e  Delay  (ns)
F igu re  A.35: The result of calibrating channel 4 of the 2228A TDC module,




In te rc e p t:
21.411 ± 4 .321E—02 
875.00 ± 8 .8 16E-01
2.6046
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500
0 2 0 40 60
Tim e  Delay (ns )
F i g u r e  A .36: T h e  result of calibrating channel 5 of the  2228A T D C  module, 
loca ted  in slot 9, using ca libra ted  cable delays.
2 5 0 0
Slope:
In te rc e p t:
21.356 ± 4 .3 5 0 E -0 2  
886.39 ± 8 .818E -01
2.3092





1 0 0 0
500
0 20 40 60
T im e  Delay (ns)
F igu re  A .37: The result of calibrating channel 6 of the 2228A TDC module,




- In te rc e p t:
21.347 ± 4 .3 2 6 E -0 2  
860.74 ± 8 .792E -01
2.3741










1 0 0 0
5 0 0
20 40 600
T im e  Delay (ns)
F i g u r e  A .38: T h e  result of calibrating  channel 7 of the  2228A T D C  m odule, 
located  in slot 9, using ca libra ted  cable delays.
2 5 0 0
Slope:
In te rc e p t:
20.109 ± 3 .1 0 1 E -0 2  
809.22 ± 7.331E—01
1.2090









0 20 40 6 0
Tim e Delay (ns)
F igu re  A.39: The result of calibrating channel 0 of the 2228A TDC module,
located in slot 10, using calibrated cable delays.
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2500
19.946 ± 3 .093E—02 
810.63 ± 7 .317E -01
Slope:
In te rc e p t:
0.7919





Tim e  Delay (ns)
F i g u r e  A .40: T h e  result of calibrating  channel 1 of th e  2228A T D C  module, 
loca ted  in slot 10, using ca librated  cable delays.
2 5 0 0
19.991 ± 3 .069E -02  
804.78 ± 7 .319E -01
Slope:
In te rc e p t:
2.1886












T im e  Delay (ns)
F igu re  A.41: The result of calibrating channel 2 of the 2228A TDC module,











19.969 ± 3 .124E -02  
805.06 ± 7 .381E -01
1.6080




0 20 40 60
T im e  Delay (ns)
F i g u r e  A.42: T h e  result o f  ca librating  channel 3 of th e  2228A T D C  m odule , 
loca ted  in slot 10, using ca libra ted  cable delays.
A P P E N D I X  B
H O U S E K E E P I N G  D A T A
T h e  m ost im p o r ta n t  housekeeping d a ta  are presented  in C h ap te r  4 and  
th is  ap p en d ix  contains th e  rest of th e  housekeeping plots. T h e  ra tes  from D T  pulse 
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F i g u r e  B . l :  T O F  SI E ast IIV Power Supply.
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F igure  B.3: TOF Si West HV Power Supply.
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2 1 0 °  3-10
E v e n t  N u m b e r
4-10M O
F i g u r e  B.7: Sett ing  on the  Digital-to-Analog C onverter  channel 0 controlling the  











M O 2-10° 3-10
E v e n t  N u m b e r
5 -104-10
F i g u r e  B.8: Sett ing  on the  Digital-to-Analog C onverter  channel 1 controlling the  






M O 6 2-106 3 106 4 - 1 0 6 5 1 0 6
E v e n t  N u m b e r
F i g u r e  B.9: Se tt ing  on the Digital-to-Analog C onverter  channel 2 controlling the  
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0 M O 6 2-10 3-10 4-10 5-10
E v e n t  N u m b e r
F i g u r e  B.10: Se t t ing  on the  Digital-to-Analog C onverter  channel 3 controlling the  
high voltage on th e  T O F  S2 W est HV Power Supply.
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E v e n t  N u m b e r
F i g u r e  B . l l :  Se tt ing  on the  Digital-to-Analog C onverter  channel 4 controlling the  
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F igu re  B.13: S3 HV Power Supply # 1 .
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F igure  B.19: Gas flow through DT gas flow system # 1 .
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E v e n t  N u m b e r
F i g u r e  B.24: DC voltage -5V on Pulse S tre tchers .
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E v e n t  N u m b e r
F i g u r e  B.28: DC voltage -6V on crates 2 and  3.
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F i g u r e  B.30: DC voltage - f l2 V .
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F i g u r e  B.32: DC voltage +24V .
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Figure  B.43: Temperature at the top of main crate (# 2 ) .
A P P E N D I X  C
E N V I R O N M E N T A L  E F F E C T S
A fter the  SMILI 2 flight when analyzing d a ta ,  plots were m ade which 
showed the  dependence  of th e  de tec to r  electronics on the te m p e ra tu re  inside the  
gondola. T h e  first set of plots shows the  A DC pedesta ls  dependence  on tem p e ra tu re  
while th e  second set shows th e  dependence of selected T D C  readou ts  on th e  SMILI 
even t n u m b er  which is directly  re lated to tem p e ra tu re .  These  T D C  readou ts  came 
from th e  T D C  channel connected  through the  d iscrim inator on the  ’’h igh” threshold 
to  th e  P M T  dynode  whose pulse com pleted the  in s tru m en t trigger.
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T e m p e r a t u r e  °C
F igure  C.3: Pedestal from the LeCroy 2285 ADC channel 37.
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F i g u r e  C.4: P edesta l  from the  LeCroy 2285 ADC channel 38.
0 25 30 35 40






20 25 30 35 40
T e m p e r a t u r e  °C
































20 25 3530 40
T e m p e r a t u r e  °C 






30 35 4020 25
T e m p e r a t u r e  °C 







T e m p e r a t u r e  °C






20 25 30 35 40
T e m p e r a t u r e  °C






20 25 30 35 40
T e m p e r a t u r e  °C






T e m p e r a t u r e  °C







T e m p e r a t u r e  °C






20 25 30 35 40
T e m p e r a t u r e  °C














4 025 30 3520
T e m p e r a t u r e  °C
F i g u r e  C.14: P edesta l  from the  LeCroy 2285 ADC channel
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F i g u r e  C.15: T D C  readou ts  from the LeCroy 2228A T D C  channel corresponding 
to  th e  T O F  P M T  # 1 .













  . n_. •
r — t    _ _ u.T.iv.r.* .-.7 . _
r  '-rzS- 'S - :7* r  . ■sirji Vrru:r7r ;• r ' g v
:v •. • -vi-.rr.v : ~  gt?- . 3 " rs.-rr................... . ■ . - n . :  : v . w r . v . ' - . v . '. • •: r  .i■ ■ .. • • ."-v u :-..
— m :
0
■ . ■ I ■
M O 6 2-106 3 T 0 8 4 106 5 -106
E v e n t  N u m b e r
F ig u re  C.16: TDC readouts from the LeCroy 2228A TDC channel corresponding
to the TOF PMT # 2 .
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F i g u r e  C.17: T D C  readou ts  from th e  LeCroy 2228A T D C  channel corresponding 










E v e n t  N u m b e r
Figure  C.18: TDC readouts from the LeCroy 2228A TDC channel corresponding













F i g u r e  C.19: T D C  readouts  from the  LeCroy 2228A T D C  channel corresponding 
to  th e  T O F  P M T  # 5 .
Event Number
F igu re  C.20: TDC readouts from the LeCroy 2228A TDC channel corresponding
to the TOF PMT # 6 .
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F i g u r e  C.21: T D C  readou ts  from th e  LeCroy 2228A T D C  channel corresponding 
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F igu re  C.22: TDC readouts from the LeCroy 2228A TDC channel corresponding
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F i g u r e  C.23: T D C  readou ts  from the  LeCroy 2228A T D C  channel corresponding 
to  th e  T O F  P M T  # 9 .
1-10° 2 -10  3 1 0 °  4 -1 0 °  5 1 0
Event N um ber
F igure  C.24: TDC readouts from the LeCroy 2228A TDC channel corresponding
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F i g u r e  C.25: T D C  readou ts  from the  LeCroy 2228A T D C  channel corresponding 
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F igu re  C.26: TDC readouts from the LeCroy 2228A TDC channel corresponding
to the TOF PMT #12 .
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F i g u r e  C.27: T D C  readou ts  from the  LeCroy 2228A T D C  channel corresponding 
to  th e  T O F  P M T  # 1 3 .
1-10 2 1 0 °  3-10° 4-10° 5-10
E v e n t  N u m b e r
F igu re  C.28: TDC readouts from the LeCroy 2228A TDC channel corresponding
to the TOF PMT #14 .
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